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The party’s over 


Caffeinated alcoholic drinks, popular with students, are now being targeted by US regulators. But 
if government is serious about addressing alcohol abuse, it must confront more powerful foes. 


tration (FDA) has ruled they do not. Last week, FDA officials 

stamped on the makers of pre-mixed caffeinated alcoholic 
drinks, saying the products are “adulterated” by the addition of caf- 
feine, which it said in this context was an “unsafe food additive”. 

The FDA’ target was drinks such as Four Loko, a can of which packs 
the punch of a bottle of wine and two or three cups of coffee and may 
sell for less than US$3. The food regulator, prompted by a wave of pub- 
licity for incidents in which young people were made seriously ill after 
over-indulging in the drinks, says manufacturers of Four Loko and six 
other caffeinated alcoholic drinks must remove the caffeine from their 
products, or their products from store shelves — or risk having them 
seized. Even before the decision was announced, Four Loko’s maker, a 
small company called Phusion Projects in Chicago, Illinois, had agreed 
to remove the caffeine from its popular flagship product. 

The drinks are said by the FDA to be of special concern because 
the caffeine counters the alcohol’s soporific effects, leading largely 
young and inexperienced drinkers to drink more, and to perceive 
themselves as more capable, and less drunk, than they actually are. 
The science in this area is in its early days and incomplete, but several 
studies do show cause for concern. One measured the breath-alcohol 
levels of 623 drinkers — almost all of them students — leaving bars in 
a Florida university district in 2008. It found those who had consumed 
alcohol mixed with caffeinated energy drinks were three times more 
likely to leave the bar highly intoxicated, and four times more likely to 
intend to drive, compared with drinkers who consumed alcohol alone 
(D. L. Thombs et al. Add. Behav. 35, 325-330; 2010). 

The FDAs move is a sensible precaution as far as it goes, but it can 
hardly be seen as serious government action to curb the death, disease 
and destruction caused by alcohol. The National Institute on Alcohol 
Abuse and Alcoholism, in Bethesda, Maryland, puts the US annual 
bill for the medical, social and economic cost of alcohol abuse at 
$235 billion — almost 80% more than the costs related to all other 
addictive drugs combined. Alcohol, which damages virtually every 
organ system, claims more than 80,000 lives each year in the United 
States alone, and is responsible for about one-third of all fatal car 
crashes, half of all homicides, one-third of all suicides and one-third 
of all hospital admissions. 

Nor are trends encouraging. In a 2007 survey of more than 100,000 
15- and 16-year-olds in 35 European countries by the European Mon- 
itoring Centre for Drugs and Drug Addiction in Lisbon, Portugal, 
almost half said they had drunk heavily in the previous month. 

The US makers of the caffeinated alcohol drinks, who made no secret 
of courting young people with their products, were an easy target for the 
FDA: small and obscure and without political muscle. The big global 
players, Anheuser-Busch InBev and MillerCoors, under pressure from 
state attorneys-general pulled their own caffeinated alcoholic drinks 
from the market in 2008, and agreed not to make them in future. 


D o alcohol and caffeine mix? The US Food and Drug Adminis- 


That they were willing to walk away without a fight speaks to the 
tiny sliver of US alcohol sales that such caffeinated drinks represent. 
Sales of alcoholic drinks are estimated to be worth about $100 billion 
ayear; by contrast, sales of Four Loko, the most popular of the FDA- 
targeted drinks, were just $144 million over the past 12 months. 
Ifthe move against these small companies 


Government is truly driven by evidence-based policy- 
must look making for public health, and not by the 
far more scoring of easy political points, the govern- 
seriously at ment must now look far more seriously at 
curbing alcohol curbing alcohol consumption more gener- 
consumption. ally, whether through higher taxes, stricter 


penalties for sales to underage drinkers, or 
— taking a leaf from the FDAs proposed script for cigarette packaging 
— requiring bottles to be emblazoned with graphic photos of cirrhotic 
livers, oesophageal varices and smashed vehicles under prominent 
messages such as ‘Alcohol Kills: 

The industry will, of course, fight tooth and nail against any such 
moves. And in the beginning at least, it may triumph, as strong-armed 
soft-drinks manufacturers have in forestalling ‘soda taxes’ aimed at 
combating obesity. But if policy-makers are serious about limiting 
the damage caused by problem drinking, they must work towards a 
day when alcohol abuse has the same pariah status as tobacco. Not 
only would this move save untold lives, it would make a great deal of 
scientific sense. = 


Treated fairly? 


Moves to price new pharmaceuticals sensibly 
shouldn’t damage the industry’s health. 


ceutical industry. When politicians wish to boast of the high- 

tech and knowledge-based economies they have fostered, they 
wheel out the profitable returns from drug companies. Yet when the 
public mood suits, those same politicians criticize the profits, and use 
them to justify calls for price cuts. 

The price of medicines, especially costly new drugs, is again a hot 
topic in cash-strapped Europe. Several countries are weighing up new 
ways to determine both the cost and the value of such medicines. The 
move would have pleased Oscar Wilde, who famously remarked that 
a cynic knew the price of everything and the value of nothing; but the 
pharmaceutical giants are nervous. 

Done well, novel pricing mechanisms could foster innovative 


Be has long had a love-hate relationship with the pharma- 
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research and spread the benefits of new medicines more widely. Done 
poorly, they could drive a wedge between governments and the indus- 
try, one of the most important parts of Europe's research base. 

Whether an individual believes that drugs are overpriced is often 
determined by their politics, their health and whether they have ever 
worked in the pharmaceutical sector. What is not in doubt is that 
uncontrolled drug pricing is not a sustainable policy and that govern- 
ments are taking action to drive prices down. Price cuts forced on the 
industry by politicians can be divisive. More innovative approaches, 
already under discussion in a number of countries, seem a better bet. 
Science can and should inform this reform. 

Earlier this month, Germany pushed a law through its lower house 
to restructure its pharmaceutical market. These rules will allow com- 
panies to set prices for a year, after which they will have to prove that 
new medicines deserve to be priced higher than the going market rate 
for similar products. This is a sensible strategy. A healthy market needs 
significantly better drugs, not more of the same. 

Britain, too, is seeking to pay for drugs only what it thinks they are 
worth. At the moment, the National Institute for Health and Clini- 
cal Excellence (NICE) helps in the task by producing solid research 
on the cost-effectiveness of new drugs. At present, the deliberations 
of NICE are merely used to accept or reject a drug for widespread 
use as priced by its manufacturers. Recently, it rejected Roche's 
Avastin (bevacizumab)treatment for patients with colorectal cancer, 
which costs£20,800 (US$33,000) per patient but was judged to bring only 
modest benefit. 

Next month the UK government will consult on plans to shift from 
this approach to a value-based pricing model, under which drug 


companies and health officials would effectively haggle over price. 
Such a move is fraught with difficulty and must be very carefully man- 
aged. NICE may be the enemy of patient groups desperate for expen- 
sive treatments, but it is internationally respected for its robust use of 
scientific evidence. Under the coming changes, some experts fear that 
decisions on whether to introduce high-priced drugs will be fobbed off 
onto regions or even individual physicians — a move that could bring 
widespread variation in the availability of new drugs. 

There are also legitimate concerns about 


Poorly cast the impact of such variable pricing systems on 
drug pricing the pharmaceutical sector. With the approxi- 
mechanisms mate cost of bringing a drug to market now 

idaviven $1 billion, and an expensive new wave of 
ror medicines such as the protein-derived bio- 
wedge between logics on the horizon, governments must be 
government and prepared to pay a high price for innovative 
big p harma. drugs, or risk seeing science stall. 


If industry is to cooperate with the 
changes, which it should, politicians must proceed on the basis that 
anew regime must be designed to value and distribute drugs in a better 
way, not simply to reduce national deficits by shrinking their health- 
care bills. 

Some dire warnings are unlikely to be realized — such as those from 
industry groups that a system that hits profits could see their mem- 
bers abandon an ungrateful Europe. But governments must remember 
that big pharma is a crucial component of the continent’s research 
ecology. It should not be exploited for short-term political and 
economic gain. m 


Citizen scientists 


Scientists should speak out on the environmental 
effects of ventures such as tar-sands mining. 


has long been a matter of national pride. But is that reputation 

deserved? Canada’s actions on environmental issues — from 
ignoring Kyoto Protocol targets to obstructing progress at United 
Nations climate-change talks — are increasingly raising eyebrows, 
both at home and abroad. Perhaps nothing is more emblematic of 
this reality gap than Canada’s determination to mine its tar sands 
at a frantic rate. The sands are a dirty source of oil. They require 
more energy for oil extraction than do conventional reserves, pro- 
ducing extra greenhouse-gas emissions. The industry has torn up 
vast swathes of landscape, created toxic ponds of waste and released 
pollutants into waterways. Where such issues justify pressure for 
action, it is crucial that scientists such as David Schindler (see page 
499) highlight them. 

It would be unrealistic to expect that we could harvest fossil fuels 
or minerals without an effect on the environment. No form of min- 
ing is clean. But the fast development of the tar sands, combined with 
weak regulation and a lack of effective watchdogs, have made them an 
environmentalist’s nightmare. Both independent scientists and mining 
companies are already taking steps to mitigate the sands’ environmental 
impact. The industry reduced extraction emissions per barrel by an 
average of about 30% in the 1990s. And, at the University of Alberta in 
Edmonton, work is under way to find a way to extract oil from tar sands 
without using vast quantities of water, effectively replacing the current 
method with a chemical ‘dry cleaning’ process. Such a technique, if 
feasible, would reduce pressure on the local rivers as a water supply and 
would dampen the continual expansion of toxic tailings ponds. 

Companies are unlikely to invest in expensive remedial solutions 


C anada’s international reputation as a green and gentle nation 
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unless they are forced to do so by environmental regulations, some 
of which are already in place. The provincial Albertan government is 
seemingly more progressive than the federal Canadian government 
in its climate-change plan. Large companies have had to meet a one- 
time 12% reduction in their emissions per barrel from 2007 onwards, 
with those that have been unable to comply paying Can$15 (US$14.7) 
per tonne on their extra emissions, making the province one of only 
a few places in the world with a mandated price on carbon. There are 
rules insisting that companies have plans to reclaim lands used and 
to deal with tailings ponds. And there are fines for non-compliance. 
The oil company Syncrude was last month fined Can$3.2 million for 
the deaths of 1,600 birds that landed in its tailings ponds — the biggest 
environmental fine in Alberta’s history. From this, Can$1.3 million 
will go to the University of Alberta for research into better bird deter- 
rents, which the company will be obliged to enact. 

But many of these rules are weaker than they seem. A boom in 
production will still see overall emissions go through the roof. Only 
a single 1 km’ plot has been certified as reclaimed so far in more than 
600 km’ of mining area. A long-promised Alberta land-use frame- 
work, which would set limits on development, has yet to be completed. 
And of five mining operations that have had their plans for dealing 
with tailings ponds evaluated, just two met directives. The other three 
were granted grace periods extending to 2018 to sort out their mess. 

Canada’s tar sands, like the Deepwater Horizon oil spill, are a warning 
sign of things to come. Future sources of fossil fuels will only get dirtier 
and riskier. Many have predicted that the next big boom will be in shale 
gas, which suffers from methane gas leaks that could make it as ‘dirty’ a 
resource as coal. It is more important than ever for scientists to monitor 
environmental impacts and to speak up to raise legitimate concerns. The 
University of Maryland’s Margaret Palmer helped to bring international 
attention to the environmental problems associated with mountain-top 
mining, for example, leading to more stringent 
enforcement of regulations in the United States. 
Scientists can make a difference, not, as some 
critics allege, by playing politics, but by applying 
their expertise as concerned citizens. m 
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hat can we expect from the next round of international 
Wines negotiations, which begin next week in Cancun, 

Mexico? A lead negotiator from a major developing 
country recently told me that the probable outcome was “anybody’s 
guess”. That gives me an uncomfortable feeling that Cancun will be 
Copenhagen revisited. There are many good reasons why that climate 
conference last year proved so difficult, and delivered what it did 
(or did not). Two should be borne in mind. 

First, there was no shared understanding of what the conference 
was supposed to deliver. The 2008 Bali Action Plan, the document that 
underpinned the process intended to culminate in Copenhagen, spoke 
of decisions being taken. But what decisions? Some countries argued 
that the world needed to adopt a new legal treaty under the United 
Nations Framework Convention on Climate Change, which would set 
a series of binding targets for industrialized countries and herald the 
demise of the Kyoto Protocol. Others expected 
agreement on a second period under the Kyoto 
Protocol and a new legal arrangement largely 
directed at the United States. Still more nations 
sought only an operational step towards a legal 
instrument or instruments. In the weeks before 
the Copenhagen meeting, a growing number of 
world leaders expressed the need for a political 
declaration as the best outcome. In the end, that 
is what the conference delivered. 

The second reason is the widespread fear that 
ambitious climate-change policy will damage 
economic growth. Concerns over energy prices, 
energy security and material scarcity in the face 
of a ballooning world population have done 
much to drive global desire for a greener, leaner and meaner eco- 
nomic model. Although many nations pay lip service to this green 
growth model, most of them, deep in their hearts, are still unsure. In 
fact, many developing nations fear that the intent of the West is to use 
climate as an excuse to keep developing nations poor and maintain 
the current economic status quo. 

The lessons for Cancun therefore seem obvious: keep it practical, 
keep it simple and don’t overreach. The negotiations must explore ways 
for all nations, especially those in the developing world, to consider 
the merits of green growth. No sensible country will accept a new legal 
agreement if the economic consequences remain unclear. 

I believe that this requires a practical framework in each of the 
following six areas. Only then will countries responsibly be able to 
decide whether a new legal instrument is the proper route to take 
global climate action forward. 


First, we need a mechanism that helps devel- NATURE.COM 
oping countries to assess their green growth _ Discuss this article 
potential, develop a clear strategy and access __onlineat: 
international financial support toimplement it. __ go.nature.com/ixwub9 


| HOPE THAT THE 


LACK 
OF ASHARED SENSE OF 
DIRECTION WILL NOT 


BEDEVIL 


THE TALKS IN CANCUN. 


| Copenhagen shows we 
need caution in Cancun 


Next week’s climate meeting in Mexico should avoid talk of more ambitious 
targets, says Yvo de Boer. First, we need people to believe in green growth. 


The ‘prompt start’ finance that was promised in Copenhagen offers a 
foundation to develop that strategy. Long-term financial commitments 
and a widened range of market-based mechanisms will be crucial to 
its implementation. Second — and essential — is an increased capac- 
ity to assess and plan the probable national responses to a changing 
climate, especially in the smaller and poorer developing nations. We 
need a capacity-building programme driven by institutions that can 
deliver the required hard economic analysis. 

A third critical element for success in Cancun is to strike a better 
balance when considering climate adaptation and mitigation. The 
lack of attention to adaptation is one of the main shortcomings of the 
Kyoto Protocol. A fourth point would be to ensure that the delivery 
mechanism helps to push key technologies into developing econo- 
mies. Private-sector investment must be mobilized to drive innovation 
and to lower the cost of generic but essential technologies, such as 
renewable-energy equipment. 

Fifth, an agreement to reward action to com- 
bat deforestation and forest degradation would 
offer a real premium for countries with no other 
significant mitigation potential, and would help 
to limit the cost of future action on emissions. 
Sixth, a robust framework to monitor, report and 
verify both action and support will ensure that 
nations pull their weight. 

You will notice that more ambitious targets 
are not on my list. The realist in me suggests 
that we need to work with what we have, in the 
same way as President Mohamed Nasheed of the 
Maldives accepted the Copenhagen Accord — 
not because he liked it, but because he realized 
that it was the best he could get. Am I selling the climate short? Yes. 
The approach I outline here will not be enough to limit temperature 
increase toa maximum 2°C rise, and I would happily trade any of my 
six points for a stronger outcome. 

Experience with sulphur dioxide trading in the United States and 
carbon trading in the European Union suggests that a modest start can 
be an effective way to get the ball rolling and to ‘learn by doing. The 
Copenhagen Accord’s promise to review action in 2015 at least offers 
the chance to reconsider our ambition once we have a clearer picture 
of the tools that will be available. Above all, I hope that the lack ofa 
shared sense of direction will not bedevil the talks in Canctin as it did 
last year. Those familiar with the rules of football will know that many 
people issued the UN climate process in Copenhagen the equivalent 
of a cautionary yellow card. It should tread carefully to avoid the 
unfortunate consequences of a second. m SEE NEWS P.488 


Yvo de Boer is special global adviser for climate change and 
sustainability at KPMG. From 2006 to 2010 he was executive 
secretary of the UN Framework Convention on Climate Change. 
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RESEARCH HIGHLIGHTS 


Metabolic link to 
breast cancer 


A protein that senses a cell’s 
metabolic state may serve asa 
‘switch to allow breast cancer 
to develop. This could bea 
molecular reason for why a 
high intake of calories and 
weight gain are strong risk 
factors for breast cancer. 
Kevin Gardner of the 
National Cancer Institute in 
Bethesda, Maryland, and his 
colleagues looked at the protein 
CtBP, which acts as a metabolic 
sensor. The protein is activated 
when it binds to NADH, 
an important indicator ofa 
cell’s metabolic activity. The 
researchers found that silencing 
CtBP expression increased 
expression of BRCAI, a 
tumour-suppressor gene 
associated with breast cancer. 
This suggests that greater 
activation of CtBP lowers the 
protective effects of BRCA1. 
Nature Struct. Mol. Biol. 
doi:10.1038/nsmb.1941 (2010) 


Neanderthals 
matured fast 


Analysis of fossil teeth 
from ancient humans and 
Neanderthals suggests 
that Neanderthals grew 
and matured more rapidly 
than Homo sapiens. This 
finding helps to pin down 
an evolutionary origin for 
humans’ prolonged childhood 
and adolescence, which may 
have provided an evolutionary 
advantage. 

Tanya Smith at Harvard 
University in Cambridge, 
Massachusetts, with Paul 
‘Tafforeau at the European 
Synchrotron Radiation 
Facility in Grenoble, France, 
and their colleagues used 
X-ray imaging to reveal 
microscopic growth 


Selections from the 
scientific literature 


Similar bodies, different genomes 


A species of marine zooplankton looks like 
some of its relatives but has a drastically different 
genomic structure. This suggests, contrary 

to conventional thinking, that conserved 
genomic architecture is not needed to maintain 
morphological features between species. 

Daniel Chourrout at the University of Bergen 
in Norway and Patrick Wincker at Genoscope 
in Evry, France, and their co-workers analysed 
the genome of the tunicate Oikopleura dioica 


tracks inside fossil teeth 

from juvenile H. sapiens and 
Neanderthals (pictured). The 
tracks indicate developmental 
features suchas daily 

growth rate. 


Dopamine 
receptor revealed 


The neurotransmitter 


(pictured), a rapidly evolving organism that is 
one of the closest relatives to the vertebrates. 
They found several unusual features, including 
an order of genes on the chromosomes that was 
very different from that of related species. 

The authors conclude that some genome 
features are not necessarily adaptive even if they 
are shared by many animals, and such features 
can disappear when evolution accelerates. 
Science doi:10.1126/science.1194167 (2010) 


effects. Researchers have now 
elucidated the crystal structure 
of D3R, which is a potential 
target for new drugs to treat 
substance abuse. The structure 
may help drug developers to 


Dental maturation was 

faster in the Neanderthals 

than in both ancient and 

modern-day humans. 
Proc. Natl Acad. Sci. USA 
doi:10.1073/ 
pnas.1010906107 
(2010) 
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dopamine, which is involved 
in drug addiction and certain 
psychiatric disorders, binds 
to five subtypes of receptor in 
the brain. Some psychiatric 
drugs block two of these 
receptors, the similar D2R 
and D3R, but often have side 


tailor their compounds to this 

and related receptors. 
Raymond Stevens at the 

Scripps Research Institute 

in La Jolla, California, and 

his colleagues crystallized 

D3R in complex with a drug, 

eticlopride, that binds both 


SCIENCE/AAAS 


ACS 


D3Rand D2R. On comparing 
the structure with that ofa 
molecule that blocks only D3R, 
they found that D3R has a 
second binding site not present 
on D2R. 

Science 330, 1091-1095 (2010) 


DEVELOPMENTAL BIOLOGY 


Blood-vessel cells 
turn to bone 


In the rare disease 
fibrodysplasia ossificans 
progressiva (FOP), a mutation 
in the Alk2 gene results in 
the formation of bone in soft 
tissues. Now researchers show 
that the bone cells derive 
from others that form the 
inner lining of blood vessels, 
called endothelial cells. 
These become stem-like cells 
before re-differentiating into 
bone. This process could be 
important in normal tissue 
repair, suggest Damian Medici 
at Harvard Medical School and 
Bjorn Olsen at the Harvard 
School of Dental Medicine, 
both in Boston, Massachusetts, 
and their colleagues. 

The team found that 
cells from bony lesions in 
patients with FOP expressed 
marker proteins specific 
for endothelium. And 
when mutant Alk2 was 
introduced into normal 
human endothelial cells, it 
conferred characteristics 
of mesenchymal stem 
cells. When cultured in 
appropriate conditions, the 
endothelial-derived ‘stem 
cells’ transformed into bone, 
cartilage and fat cells. 
Nature Med. doi:10.1038/ 
nm.2252 (2010) 


Small RNAs aid 
cell transplants 


With the help of small 

RNA molecules called 
microRNAs, a metabolic and 
neurodegenerative disorder 
might be treated using gene 
therapy. 

Patients with Krabbe’s 
disease lacka functioning 
version of an enzyme called 
GALC. Transplants of 


genetically engineered blood 
stem cells that later develop 
into white blood cells could 
potentially deliver a corrected 
version of GALC. But 
expressing the protein in the 
stem cells kills them. 
Alessandra Biffi and Luigi 
Naldini of the San Raffaele 
Scientific Institute in Milan, 
Italy, and their colleagues 
identified gene-silencing 
microRNAs that are expressed 
in the stem cells, but not in 
the mature white blood cells. 
The researchers then modified 
the stem cells so that GALC 
expression was suppressed by 
a microRNA in the stem cells 
but not in the white blood cells. 
As the cells developed, they 
were able to deliver GALC to 
diseased tissues in a mouse 
model of Krabbe’s disease. 
Science Transl. Med. doi:10.1126/ 
scitranslmed.3001522 (2010) 


Stopping ice 
before it forms 


Ice accumulation on aircraft 
and other structures can 
be dangerous, but de-icing 
procedures are expensive or 
environmentally unfriendly. 
Joanna Aizenberg at Harvard 
University in Cambridge, 
Massachusetts, and her 
collaborators show how ice 
could be prevented from 
forming on cold surfaces. 
Combining theoretical 
predictions with experiments, 
the authors fabricated a silicon 
surface with honeycomb-like 
microstructures and coated 
it with a water-repellent 
polymer film. There was 
minimal contact time and heat 
transfer between the surface 
and a falling water droplet, 
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Hills emerge as glaciers retreat 


€ HIGHLY READ 


in October 


Most drumlins — small, rounded hills — 
were formed under melting Pleistocene 
ice sheets. But the recent retreat of the 
Mulajékull glacier in Hofsjékull, Iceland, 


has uncovered the only known active 
drumlin field created during modern times. 

Mark Johnson of the University of Gothenburg, Sweden 
and his colleagues identified more than 50 drumlins in this 
field and studied their sediment layers. Some theories posit 
that drumlins are carved out from the sediment by a rush of 
glacial meltwater. By contrast, the new observations suggest 
that drumlins form by sediment being repeatedly deposited 
and then eroded underneath the glacier over successive 
rounds of glacier growth and retreat. 

Geology doi:10.1130/G31371.1 (2010) 


such that after it made contact 
(pictured, left), the droplet 
fully retracted (right) before it 
could freeze. This prevented 
ice formation in temperatures 
down to about —25 °C. 

ACS Nano doi:10.1021/ 
nn102557p (2010) 


Fish cocoons 
block biting bugs 


The mucus cocoons in 

which some fish sleep seem to 
protect them from attacks by 
parasitic invertebrates. 

Alexandra Grutter at the 
University of Queensland 
in Brisbane, Australia, and 
her colleagues placed coral- 
reef parrotfish (Chlorurus 
sordidus) in bins of water with 
parasitic gnathiid isopods 
overnight. They found that 
only 10% of fish in cocoons 
were attacked by the parasites, 
compared with 94.4% of fish 
that had been teased out of 
their shelters. 

Secreting the mucus to 
prevent parasite attacks — a 
mechanism thought to be 
unique to these fish — costs 
around 2.5% of a fish’s daily 
energy budget, the researchers 
calculate. 

Biol. Lett. doi:10.1098/ 
rsbl.2010.0916 (2010) 


CHEMISTRY 


Molecular 
matchmaking 


Structures up to centimetres 
long have been created by 
the self-assembly of gel 
particles that ‘recognize 
each other at the molecular 
level. Such molecular 
recognition has previously 
been used to self- 
assemble molecules at the 
microscopic scale. 
Akira Harada of Osaka 
University in Japan and 
his colleagues prepared 
acrylamide-based ‘host gels 
bearing cyclodextrin rings, 
and other gels with smaller 
‘guest’ hydrocarbons. The 
rings and the guest molecules 
bound to each other, allowing 
small pieces of gel to self- 
assemble in specific ways 
(pictured). 
Nature Chem. doi:10.1038/ 
nchem.893 (2010) 
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POLICY 


Addictions institute 


An addictions research 
institute merging two currently 
separate bodies of the US 
National Institutes of Health 
(NIH) “makes scientific sense’, 
NIH director Francis Collins 
declared on 18 November. 
Collins has asked a task force 
to produce a restructuring 
plan for the National Institute 
on Drug Abuse (budget: 

US$1 billion) and the National 
Institute on Alcohol Abuse 
and Alcoholism (budget: 

$462 million) sometime in the 
summer of 2011. Scientists 
funded by the alcohol-research 
institute have opposed the 
move. See go.nature.com/ 
col7bt for more. 


Organ harvesting 
An inquiry published on 

16 November details how 
organs were illegally removed 
for testing from the dead 
bodies of nuclear workers in 
the United Kingdom between 
1955 and 1992, without 
obtaining relatives’ consent in 
many cases. Medical officers 
who analysed the organs — in 
part for research on allowable 
radiation exposures — 
apparently did not consider 
the ethical implications of 
their work, although they 

did not conceal it, and did 
not fully appreciate the law, 
the Redfern Inquiry found. 
Regulations on the use of 
human tissues have been 
made more stringent in the 
past few years. See go.nature. 
com/ynaivp for more. 


Oil-spill blame 

An interim report by the 

US National Academy of 
Engineering and the National 
Research Council, part of the 
National Academies, lists a 
number of engineering and 
regulatory flaws that led to the 
explosion at BP’s Deepwater 
Horizon oil rig in the Gulf of 


Seafood stewardship 


A long-running debate about whether to classify an Antarctic 
fishery as ‘sustainable’ has concluded. The Antarctic toothfish 
(Dissostichus mawsoni, pictured) caught in the Ross Sea 

can now be sold with a Marine Stewardship Council (MSC) 
sustainability badge, after Moody Marine — the company 
based in Derby, UK, examining the status of the toothfish — 
addressed objections to its sustainability assessment. Some 
scientists have said that not enough is known about the 
toothfish to certify it as sustainable, and also argued that the 
MSC certification process failed to protect the environment 
and needed reform (see Nature 467, 28-29; 2010). Others 
have defended the MSC (see Nature 467, 531; 2010). 


Mexico in April. The report, 
released on 16 November, 
noted that pivotal choices 
made during the drilling were 
intended to reduce costs and 
time — despite earlier findings 
by the White House oil-spill 
commission that firms did not 
cut corners to save money. 


Biosecurity labs 


Two planned US biosecurity 
labs have not yet been 
adequately vetted for safety, 
says the National Research 
Council (NRC). A report 
released on 15 November 
concludes that the US 
governments latest safety 
assessment underestimates the 
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chances, as well as the impact, 
of an accidental pathogen 
release by the National Bio and 
Agro-Defense Facility to be 
built in Manhattan, Kansas. 
On 18 November, a separate 
NRC committee criticized the 
methods used to gauge the risk 
to public safety posed by the 
National Emerging Infectious 
Diseases Laboratory, built in 
central Boston, Massachusetts, 
but not yet in operation. 


Synthetic biology 
An office within the White 
House should develop 

a clear and coordinated 
approach to US research in 
synthetic biology, and an 


authoritative, independent 
body should challenge and 
correct sensational media 
claims about the topic. These 
were two of 19 provisional 
recommendations debated at 
a 17 November public meeting 
bya 13-member presidential 
commission studying ethical 
issues and the risks and 
benefits of synthetic biology. 
The commission expects 

to complete its report for 
President Barack Obama in 
mid-December. See go.nature. 
com/jp8bhk for more. 


Climate bill killed 


Canada’s Senate defeated the 
nation’s climate-change bill 
on 16 November, quashing 
legislation to cut greenhouse- 
gas emissions. The bill called 
for cuts in emissions of 25% 
below the 1990 level by 2020, 
and a long-term target of 
80% by 2050. See go.nature. 
com/1qrprc for more. 


Nuclear Korea 


Three US scientists have 
reported being shown round a 
modern uranium-enrichment 
plant in Yongbyon, North 
Korea, earlier this month — 

a surprising display of the 
country’s expertise in nuclear 
technology. North Korea's 
current weapons programme is 
based on plutonium. Siegfried 
Hecker, a former director 

of Los Alamos National 
Laboratory and now at 
Stanford University, California, 
said the facility seemed to 

be designed primarily for 
nuclear power generation — 
although it could be converted 
to produce highly enriched 
weapons-grade uranium. 


Pharma cuts 


A number of big 
pharmaceutical companies 
announced restructuring 
plans last week. German 
chemicals giant Bayer, 


CHENG/HOEFLING 


DUKE PHOTOGRAPHY 


SOURCE: HESA 


headquartered in Leverkusen, 
said it would spend €1 billion 
(US$1.4 billion) cutting 4,500 
jobs — but also creating 

2,500 positions in emerging 
markets — by the end of 2012. 
Novartis, based in Basel, 
Switzerland, headlined cost- 
cutting measures but gave no 
overall figures on costs or job 
cuts. And Basel-based rival 
Roche said it would cut 4,800 
jobs (6% of its workforce) over 
two years and drop research 
into RNA interference (see 
page 487 for more). 


Stem-cell trial 


The second-ever clinical trial 
ofa therapy involving human 
embryonic stem cells (ES cells) 
has received the green light 
from the US Food and Drug 
Administration. In phase 

I/II trials, Advanced Cell 
Technology in Marlborough, 
Massachusetts, will inject 
retinal cells derived from 
human ES cells into the eyes 
of 12 patients, to examine 

the safety of a therapy 

for Stargardt’s macular 
degeneration, an inherited 
form of progressive juvenile 
blindness. See go.nature.com/ 
v5sohq for more. 


Lupus drug 

A potential blockbuster drug 
to treat the autoimmune 
disease lupus looks likely to 
be approved in the United 
States. An advisory panel 

to the US Food and Drug 


TREND WATCH 


The scale of restrictions facing 
researchers who want UK visas 


has become slightly clearer. A 


temporary cap on visas is already 
in place; as Nature went to press, 


the government was reported 


to have decided to allow 43,000 


highly skilled non-European 

Union migrants — who make 
up about a tenth of university 
staff (see chart) — to enter the 


country each year. This would be 
13% fewer than in 2009, which 

is the lower limit of an advisory 
committee’s recommendations 
last week of 13-25% cuts. 


Administration (FDA) gave 
Benlysta (belimumab) the 
green light on 17 November 
despite concerns over side 
effects. The drug inhibits a 
protein that, in lupus, causes 
the body to produce antibodies 
attacking its own tissues. It 

was developed by Human 
Genome Sciences in Rockville, 
Maryland, in partnership 

with GlaxoSmithKline in 
London. Benlysta would be 

the first drug to be approved 
specifically to treat systemic 
lupus erythematosus for half 
acentury. An FDA decision is 
expected in the next two weeks. 


PEOPLE 


Researcher resigns 
Anil Potti 
(pictured), 
a researcher 
on cancer 
genetics 
at Duke 
University 

> in Durham, 

North 

Carolina, has resigned amid 
investigations into his alleged 
research misconduct. A letter 
from Huntington Willard, 
director of Duke's Institute for 
Genome Sciences and Policy, 
on 19 November said that Potti 
had accepted full responsibility 
for anomalies in data handling, 
analysis and management. 
Three clinical trials based on 
Potti’s research were suspended 
and have been closed, and one 


of his papers (D. Hsu et al. J. 
Clin. Oncol. 25, 4350-4357; 
2007) was retracted last week. 


FUNDING 
ITER cost-cutting 


Plans for savings to ITER, a 
roughly €15-billion (US$20- 
billion) fusion reactor being 
built near Cadarache, France, 
have won political backing 
from the project’s seven 
international partners. On 

18 November, members of 
ITER’s council endorsed plans 
to consolidate contracts and 
reduce staffing costs. The 
council also supported a plan 
to forgo full testing of some 

of the machine’s massive 
superconducting magnets. All 
told, the plans will save more 
than €100 million, but Osamu 
Motojima, ITER’s director- 
general, says that still more 
savings must be found. 


Physics rescue 


The world-renowned Erwin 
Schrédinger International 
Institute for Mathematical 
Physics in Vienna has been 
rescued from imminent 
closure after more than 200 
international researchers 
wrote letters of support to 
the Austrian government. 
National cost-cutting 
threatened the institute’s 
budget, but on 16 November, 
research minister Beatrix 
Karl promised to find extra 
cash for universities that 


IMMIGRATION AT UK UNIVERSITIES 


Around 16% of UK universities’ science, engineering and 
technology staff are not from the European Union (2008-09). 


Science, 
engineering 


& technology 
(SET) 


SEVEN DAYS | THIS WEEK | 


29 NOV-10 DEC 
Delegates at this 
year’s United Nations 
climate summit in 
Cancun, Mexico, 
hope to reinvigorate 
the negotiations that 
effectively stalled last 
year in Copenhagen. See 
page 489 for more. 
http://cc2010.mx/en 


29 NOV-3 DEC 

The Materials Research 
Society meets in Boston, 
Massachusetts. 
go.nature.com/zkg5rq 


1 DECEMBER 
Nominations are 
expected for the 

next head of the 
California Institute for 
Regenerative Medicine 
in San Francisco; Bob 
Klein, chairman of the 
state stem-cell agency, 
steps down this month. 


integrate institutes. The 
University of Vienna snapped 
up Schrédinger — although 
the fate of dozens of other 
such non-university academic 
institutes in Austria remains 
uncertain. See go.nature.com/ 
bb8esd for more. 


European funding 
The process of applying for 
research grants from Europe's 
Framework programme should 
be simplified, say leading 
researchers evaluating the 
current programme, which 
runs until 2013. Their report, 
published on 18 November, 
asks the European Commission 
to trust researchers more and 
to cut overly bureaucratic 
accounting regimes. It also says 
the Framework programme 
should fund more grants based 
on ideas from researchers, 
rather than those directed 

by the commission and 
politicians. 


NATURE.COM 
For daily news updates see: 
www.nature.com/news 
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Cholera is a disease of poverty, and spreads rapidly in communities lacking clean water supplies and sanitation. 


PUBLIC HEALTH 


Cholera tightens grip on Haiti 


Those tackling the epidemic are struggling to keep pace with an escalating crisis. 


BY DECLAN BUTLER 


s cholera rampages through Haiti, 
A= epidemiologists are warning that 
the country could face more than halfa 
million cases over the coming year. Yet tracking 
and treating the disease is proving increasingly 
difficult as civil unrest grips the county. 
Roughly 20,000 clinical cases, and 1,100 
deaths, have officially been reported since the 
outbreak was first detected on 21 October in 
the Artibonite region of Haiti — figures likely 
to be underestimates, say epidemiologists, 


given the many additional cases in the wider 
community. “It’s spreading like wildfire, says 
Andrew Camilli, a cholera researcher at Tufts 
University School of Medicine in Boston, Mas- 
sachusetts (see ‘Epidemic proportions’). 

As the current Haitian population has never 
been exposed to cholera, they lack any immu- 
nity to the disease, which 
makes the toll even 


greater. Vaccination Cholerareceives 
might have helped, but __ relatively little R&D 
it has never been tested _ funding see: 


during a large cholera 


outbreak and was not an option in Haiti because 
of the vaccine’s scarcity and the logistical diffi- 
culties in getting it to people in time (see “Would 
cholera vaccines have helped in Haiti?’). 
Cholera is caused by the bacterium Vibrio 
cholerae, transmitted through contaminated 
water supplies or by direct contact with infec- 
tive faecal material. Haiti already lacked clean 
water and basic sanitation, and conditions have 
deteriorated further following January’s huge 
earthquake (see Nature 467, 1018-1019; 2010) 
and Hurricane Tomas in early November. 
Some 80% of symptomatic cholera cases 
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STOPPING AN EPIDEMIC 


Would cholera vaccines have helped in Haiti? 


When the cholera outbreak started in Haiti, 
health agencies briefly contemplated using 
vaccines to try to curb it. But they abandoned 
the idea once it became clear that the 
available global production was completely 
insufficient for an effective vaccination 
campaign — only a few hundred thousand 
doses would have been available, and even 
these would have taken weeks to manufacture, 
whereas millions of doses were needed. 

Only one cholera vaccine — Dukoral — is 
approved by the World Health Organization 
(WHO). Made by the small Dutch company 
Crucell, based in Leiden, it is aimed at people 
travelling to cholera-endemic areas, and as 
such is too expensive to be widely deployed 
in the developing world. A second vaccine 
called Shanchol, already licensed in India, is 
currently going through the WHO’s approval 
process. Developed by the International 
Vaccine Institute in Seoul, with support 
from the Bill & Melinda Gates Foundation, 
the vaccine is produced by Shantha in 
Hyderabad, India, and should cost less than 
US$1 a dose. 


> are mild or moderate, but 20% cause severe 
dehydration from watery diarrhoea that can 
kill within hours if untreated. Until the 1970s, 
when oral rehydration therapy was widely 
introduced, death rates during outbreaks often 
exceeded 50%. But cholera is eminently 
treatable if patients are promptly rehy- 
drated, and public-health responses 
to cholera epidemics typically reduce 
mortality rates to below 1%. 

Experts think that conditions in 
Haiti are resulting in far higher death 
rates than this. At the beginning of 
the outbreak, mortality was estimated 
at around 9%, falling to an estimated 
4-6% over the past few weeks as 
patients began to be treated. 

That gain, however, has been wiped 
out by riots that were fanned by 
rumours that Nepalese UN peacekeep- 
ers were the source of the outbreak. 
The row over the source has been self- 
defeating, says Jon Andrus, deputy 
director of the Pan American Health 
Organization (PAHO), the regional 
office of the World Health Organiza- 
tion. With many of the sick unable to 
get past roadblocks to reach treatment centres, 
and deliveries of supplies held up, death rates 
have again soared past 9%, he says. The pre- 
cise death toll is uncertain, like everything else 
about the outbreak. PAHO relies partly on a 
vast network of humanitarian groups and non- 
governmental organizations, such as Doctors 


EPIDEMIC PROPORTIONS 


Cholera has spread rapidly 
through Haiti in the past month. 


Cumulative 
hospitalized cases 


23 Oct —— 13 Nov 


>) 


Even if sufficient Dukoral or Shanchol 
had been available at the start of the Haitian 
outbreak, it might have had little impact. 
Two doses of the vaccines have to be given 
a fortnight apart, with protective immunity 
taking another week to form. Mounting a 
large vaccination campaign also causes 
inevitable delays. So it is by no means clear 
that vaccination would have made any major 
dent in the spread of the disease. 

The logistics would have been daunting, 
says Claire-Lise Chaignat, coordinator of the 
WHO's Global Task Force on Cholera Control. 
Just vaccinating the 2 million people in the 
Haitian capital Port-au-Prince would have 
required rapid deployment of some 4 million 
vaccine doses. That’s a huge logistical 
challenge in any situation, but in the dire 
conditions Haiti now finds itself in it would be 
“almost impossible”, she says. 

Had sufficient vaccine been available, Jon 
Andrus, deputy director of the Pan American 
Health Organization, says that he would have 
considered trying vaccination in case it had 
a positive impact. Pre-emptive vaccination 


Without Borders and the UN Children’s Fund, 
to collect and report data from the field. Many 
of these groups arent coordinated well with 
each other, and Andrus says that it’s a huge 
challenge to ensure data quality, adherence 


Artibonite 


ae Port-au-Prince 


An interactive version of this map can 
be found at: go.nature.com/4kt7f1 


to a standardized cholera case definition, and 
timely reporting. “Coordinating these groups 
on a normal day in Haiti would be difficult 
enough, but in post-earthquake Haiti in the 
middle of a cholera outbreak, it becomes a 
huge challenge,” he says. 

For every clinical case of cholera there will 
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of people in the neighbouring Dominican 
Republic could also have made sense, he says. 

In the longer term, vaccination for cholera 
deserves further study, says Robert Quick, 
an epidemiologist at the Enteric Diseases 
Epidemiology Branch of the Centers for 
Disease Control and Prevention in Atlanta, 
Georgia. If a longer-lasting and highly efficient 
single-dose vaccine could be developed 
it might make a significant impact on 
outbreaks such as Haiti’s. A single-dose 
vaccine called Orochol has been developed, 
but its manufacturer, the Swiss company 
Berna Biotech (acquired by Crucell, based in 
Berne, in 2006), stopped making it in 2004 
after switching its limited production facilities 
to make another vaccine. 

But Quick emphasizes that a single- 
dose vaccine would not be a panacea, and 
stark choices would remain. Mounting 
a vaccine campaign during an outbreak 
takes away scarce resources and staff, he 
argues. “Do you want staff treating people, 
or vaccinating?” he asks. “The first priority is 
saving lives.” D.B. 


be several undetected asymptomatic carriers 
shedding bacteria and spreading disease, com- 
plicating predictions of how the epidemic will 
spread. But the data are often good enough for 
their key functions: pinpointing trends such 
as a rapid increase of cases in an area, 
or the appearance of geographical clus- 
ters. These hotspots can then be tar- 
geted for rapid intervention. 

Last week, PAHO announced that the 
epidemiology suggested that 200,000 
more cases could be expected in Haiti 
over the next year, but Andrus says that 
more recent estimates are likely to raise 
that figure to more than 500,000. Hav- 
ing these numbers is crucial to making 
sure that enough lifesaving supplies and 
staff are on hand when and where they 
are needed. “We are doing everything 
possible to keep ahead of the game, to 
be weeks in advance, so that we don’t 
get into a situation where we run out of 
supplies,” he says. 

Health officials are also alert to 
the risk that the Haiti outbreak could 
spread further into the neighbouring 
Dominican Republic, where cases 
have been reported, and far beyond. Experts 
are mindful of howa 1991 outbreak in Peru — 
the first in the Americas in a century — led to 
a suite of entrenched large cholera outbreaks 
across the Americas in the ensuing decade 
(except the Caribbean). “We've put the whole 
hemisphere on alert,’ says Andrus. = 


STEM CELLS 


IN FOCUS | NEWS 


Korean deaths spark inquiry 


Cases highlight the challenge of policing multinational trade in stem-cell treatments. 


BY DAVID CYRANOSKI IN LOS ANGELES 


he controversy over stem-cell tourism, 
T in which patients travel to other countries 

for unapproved stem-cell treatments, 
continues to grow. In June, researchers in 
Thailand reported finding “strange lesions” 
in a patient who had died following stem-cell 
therapy for kidney disease (see Nature 465, 
997; 2010). And in August, an 18-month-old 
Romanian boy died after receiving a brain 
injection of stem cells. 

Now South Korea is trying to crack down 
on the practice. Following the 
recent deaths of two Koreans who 
had received injections of stem cells, 
the Korea Food and Drug Adminis- 
tration and the health ministry last 
week launched an investigation into 
companies offering the treatments. 
But the latest cases highlight the 
difficulty of policing these therapies 
or determining their safety, because 
some companies are setting up opera- 
tions around the globe, taking advan- 
tage of loopholes in other countries’ 
regulations. 

One of the companies under scru- 
tiny is Seoul-based RNL Bio, which 
formulated the cells used to treat the 
two Korean patients. The firm pre- 
pares stem cells at its processing centre 
in Seoul and sends them to affiliated 
clinics in China, Japan or elsewhere. 
Patients travel to these clinics to have the injec- 
tions, which are illegal in South Korea. 


DRUG OR BODY PART? 

In a statement, RNL Bio's chief executive, 
Ra Jeong-chan, has denied that his compa- 
ny’s treatments had anything to do with the 
deaths. The Korean media are reporting that 
one patient, a 73-year-old man, died in Japan 
following a pulmonary embolism; the other 
failed to wake after receiving an anaesthetic 
while in China. 

Jin Han Hong, president of RNL Life Science, 
the company’s subsidiary in Los Angeles, Cali- 
fornia, says that the government's investigation 
will try to determine whether their stem-cell 
processing in Korea should be banned. “The 
government wants to define it as a drug and 
make it illegal,” says Hong, who defends the 
practice: “From our viewpoint it is just part of 
the patient’s body.” 

Nobuyoshi Tani, head of the regenera- 
tive medicine office of the Japanese health 


ministry’s Research and Development Divi- 
sion, says that companies must gain govern- 
ment approval before they can sell stem-cell 
therapies in Japan. But Japanese doctors don't 
need approval to import stem cells for use in 
their practice. 

Last year, China passed regulations that 
would require stem-cell therapies to pass clinical 
trials, but there has been much debate about how 
those rules should be implemented. While the 
government puts together guidelines, companies 
such as RNL Bio face an uncertain regulatory 
situation (see Nature 467, 633; 2010). 


RNL Life Science offers patient testimony at its California offices. 


RNL Bio hopes to attract more US customers 
with the opening of RNL Life Science in 2009. 
Last week Nature visited the office, situated in 
a shopping mall called Koreatown Galleria, 
to learn more about the company’s products. 
Jane Shin, whose business card describes her as 
a “stem-cell consultant’; explained that patients 
visit an affiliated Los Angeles clinic where a 
plastic surgeon removes about 5 grams of fatty 
tissue. The sample is sent to the company’s 
Maryland processing centre, where mesenchy- 
mal stem cells — which normally regenerate fat, 
bone or cartilage in the body — are isolated and 
sent to Seoul to be cultured. Even the simplest 
stem-cell treatments, such as those for arthritis, 
require 100 million cells, says Hong. Preparing 
and banking these cells for three years costs 
US$7,500; every subsequent 100 million cells 
cost an additional $5,000. Standard courses are 
600 million cells, says Shin. “The more cells you 
use, the better you get.” 

Shin says that 10,000 patients worldwide, 
including 130 from the United States, have 


received injections of the firm’s stem cells. 
About half have had facial injections, hoping 
to rejuvenate their appearance, but the com- 
pany claims that the cells have been used to 
treat ailments including Parkinson's disease, 
kidney failure and diabetes. 


STEM-CELL BANKING 

Hong admits that there is not yet conclusive 
clinical-trial evidence that the treatment can 
help these various conditions, although the 
company is running trials in South Korea. 
Asked why RNL would start offering a therapy 
before it was proven effective, he says 
that the company offers only stem- 
cell isolation and banking services, 
not stem-cell therapy. “We don’t 
offer therapy,’ he says. “It's true that 
we note the potential but we don't 
make promises.” 

But Hong and Shin do talk openly 
about treatments. Shin, for exam- 
ple, provided details about injection 
sites and the diseases that could be 
treated. RNUs patients are recom- 
mended to go to affiliated clinics 
such as the RNL Sunrise Regenera- 
tive Medical Center in Yangji, China. 
And Shin also provided a brochure 
that describes how a patient recov- 
ered from rheumatoid arthritis fol- 
lowing treatment. According to the 
brochure, the patient was “escorted 
by RNL staff” to the Yangji centre. 
And looking out from the front window of the 
Los Angeles office, a wide-screen TV broad- 
casts testimony of patients happy with the 
results of the company’s services. 

Stem-cell scientists contacted by Nature 
are sceptical about the efficacy of RNL’s 
preparations. “Spontaneous differentiation 
of adipose-derived stem cells into therapeutic 
cell types for Parkinson's disease is biologically 
unrealistic,” says Oliver Cooper, director of 
the Stem Cell Facility at Harvard University’s 
Center for Neuroregeneration Research in 
Belmont, Massachusetts. Other scientists 
echoed his sentiments. 

Cooper’s team hopes to treat Parkin- 
son's with stem cells. But the researchers 
will implant the cells only after they have 
differentiated into neurons. Injecting 
immature stem cells, he says, “does not pro- 
vide a long-term treatment for Parkinson's 
disease, and the risk associated with uncon- 
trolled growth of transplanted stem cells is 
unacceptable” = 
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| NEWS IN FOCUS 


Nobel document 
triggers debate 


Critics say that explanation of the 2010 award in physics 
slights other contributions to graphene research. 


BY EUGENIE SAMUEL REICH 


ontroversy surfaced last week over a 
( document issued by the Nobel Com- 

mittee for Physics to explain its award- 
ing of the 2010 prize, leaving the committee on 
the defensive. It is scrambling to correct errors 
while standing by the process underlying its 
decision. 

Last month, the committee awarded the 
prize to Andre Geim and Konstantin Nov- 
oselov at the University of Manchester, UK, 
“for groundbreaking experiments regarding 
the two-dimensional material graphene”. The 
novel material — composed ofa single crys- 
talline layer of carbon atoms — could have 
a host of applications, from touch screens to 
transistors. 

The deliberations of the Nobel committee 
are notoriously secretive, but for a sense of 
its thinking researchers turn to the ‘Scientific 
Background’ document prepared by members 
of the Royal Swedish Academy of Sciences 
and placed online at the time of the prize 
announcement. 

That document came under fire last week 
as researchers questioned several alleged 
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misstatements. “The Nobel prize committee 
did not do its homework,” says physicist Walter 
de Heer of the Georgia Institute of Technology 
in Atlanta, who sent a letter to the committee 
on 17 November listing his objections. 

According to the background document, 
Geim and Novoselov galvanized the field with 
a widely cited 2004 paper’. In a caption, the 
Nobel document describes a figure from the 
paper as showing data on graphene’s electronic 
properties — but the data were actually col- 
lected from a few layers of graphene stacked 
together, a material better known as graphite. 
The distinction is significant because the two 
have different electronic properties. 

De Heer says in his letter that Novoselov and 
Geim did not report measurements on single- 
layer graphene until 2005 (ref. 2). He also says 
that a 2004 paper by his own group’ included 
measurements made on a single layer of graph- 
ene, although he did not realize it at the time. 

Other alleged errors in the document down- 
play the work of Philip Kim of Columbia Uni- 
versity in New York, who many think should 
have shared the prize. When the Manchester 
group published crucial electronic measure- 
ments on graphene* in Nature in 2005, the 
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paper appeared back-to-back with one from 
Kim’s group’. “He made an important contri- 
bution and I would gladly have shared the prize 
with him,” says Geim. 

Geim and other experts contacted by Nature 
agree that the document does not seem to have 
been carefully assembled. “It could have been 
written better,” says Geim, who only read it 
after controversy erupted over its contents. 

De Heer also accuses the committee of fall- 
ing for a straw-man argument when it says 
that Geim and Novoselov’s work came as a 
complete surprise to the physics community 
because graphene was presumed to be unsta- 
ble. “That statement is inaccurate,’ agrees Paul 
McEuen of Cornell University in Ithaca, New 
York. Prior observations of graphene’ date 
back to at least 1962. 

The committee seems to be responding to 
some of the criticisms. “We will make a correc- 
tion to the web version,” says Ingemar Lund- 
strom, chairman of the committee. “Some of 
the things we also think are mistakes.” 

Since de Heer’s letter became public, other 
graphene researchers have contacted Nature 
to take issue with the Nobel committee’s 
document. Bor Jang, co-founder of graph- 
ene producer Angstron Materials in Dayton, 
Ohio, says that Geim and Novoselov have 
often wrongly been credited with discovering 
graphene — an implication also made by the 
subheading “the discovery of graphene’, which 
appears in the document shortly before their 
work is discussed. “I totally disagree with this 
assessment,’ says Jang. 

De Heer says he thinks that the award of the 
prize for graphene this year is premature, say- 
ing more time is needed to see the material’s 
potential fulfilled. But he strongly denies being 
motivated by sour grapes. His concern with 
the document, he says, is that its errors mis- 

represent contribu- 


“The Nobel tions made by several 
prize committee researchers. 
did not do its Per Delsing at 


Chalmers Univer- 
sity of Technology in 
Gothenburg, Sweden, 
an adjunct member of the Nobel committee, 
acknowledges that there is some dispute about 
whether graphene was believed to be stable 
and whether the 2004 work came as a surprise 
to the community or not. But he defends the 
committee’s work. “Different people can of 
course have different opinions. Let me assure 
you that the Nobel committee has done a lot of 
research into this issue,’ he says. m 


homework.” 
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Drug giants turn their backs 
on RNA interference 


A once much-touted technique faces a difficult transition to the clinic. 


BY HEIDI LEDFORD 


ot long ago, a technique called RNA 
Nites (RNAi) seemed to be on 

the fast track to commercial success. Its 
discovery in 1998 revealed a new way to halt the 
production of specific proteins using specially 
designed RNA molecules, and it quickly became 
a favourite tool of basic research. In 2006, 
the scientists who made the discovery were 
awarded the Nobel prize for medicine, and the 
New Jersey-based pharmaceutical giant Merck 
paid more than US$1 billion to snatch up Sirna 
Therapeutics in San Francisco, California — one 
of the first biotechnology companies aiming to 
harness RNAi to create new drugs. 

Yet all that seemed like ancient history last 
week when drugs and diagnostics corporation 
Roche in Basel, Switzerland — a major investor 
in RNAi-based drug research — announced it 
was killing its programme after spending three 
years and more than $500 million on the tech- 
nique. Although part ofa larger restructuring to 
cut costs, the move is the latest indication that 
big pharma may be losing faith in RNAi. 

“The momentum now seems to be heading 
a bit against RNAi,’ says Alan Carr, an analyst 
at Needham & Company, an investment-bank- 
ing firm in New York. Roche’s 17 November 
announcement, which sent stock prices at RNAi 
companies plunging, came just two months after 
another Swiss-based multinational, Novartis, 
declined to spend $100 million to extend a 
partnership with Alnylam, a prominent RNAi 
company based in Cambridge, Massachusetts. 

The development of RNAi-based drugs has 
stalled as companies confront the challenge of 
delivering RNA molecules, which are notori- 
ously fragile, to target cells in the human body, 
and then coaxing those cells to take up the 
RNA. “Getting these molecules exactly where 
we want them to go is a little more difficult 
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@ Age markers in blood go.nature.com/B8emsfx 
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@ Funding woes afflict African herbal- 
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A SAMPLING OF RNAI THERAPIES IN CLINICAL TRIALS 


Indication Company Clinical phase Delivery method 

Age-related macular Quark Pharmaceuticals/ Phase Il Naked RNA 

degeneration Pfizer/Silence Therapeutics 

Diabetic macular oedema_ | Quark Pharmaceuticals/Pfizer Phase II Naked RNA 

HIV Benitec Phase | Lentivirus vector 

Liver cancer Alnylam/Tekmira Phase | Lipid nanoparticle 

TTR amyloidosis Alnylam/Tekmira Phase | Lipid nanoparticle 

Respiratory syncytial virus | Alnylam/Cubist Pharmaceuticals/ | Phase Il Inhaled naked RNA 
Kyowa Hakko Kirin 


than originally thought,’ says Michael French, 
chief executive of Marina Biotech, an RNAi 
company based in Bothell, Washington. 

Of the dozen RNAi-based therapeutics in 
early clinical testing, most apply the RNA mole- 
cules directly to the target tissues, or aim to shut 
down the production of a protein in the liver, 
which takes up the RNA as it filters the blood 
(see table). Several candidates also package the 
RNA within a lipid nanoparticle, a delivery 
vehicle that both protects the RNA and allows it 
to be shuttled across cell membranes. Investors 
expect Alnylam to emerge in the next few years 
with the first commercially viable RNAi-based 
therapeutic, which would treat a rare disease 
called transthyretin amyloidosis — in which an 
abnormal form ofa blood protein is deposited 
in the nerves and organs — by shutting down 
the production of the protein in the liver. 

Although Alnylam shed about 50 of its 
225 employees when its partnership with 
Novartis ended, chief executive John Maraga- 
nore is optimistic. “There's going to be a steady 
drumbeat of increasing frequency that really 
validates RNAi as a whole new drug class,” he 
says. “We're feeling pretty damn good about 
where things are right now.” 

Until that validation arrives, investors may be 
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com/hwzsrf 


stop swimming 
when left without 
company could 
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depression go.nature, 


wary of the RNAi platform, says Josh Schim- 
mer, an analyst at the investment bank Leerink 
Swann & Company in New York. “Alnylam 
has a very interesting drug at this point,” says 
Schimmer. “It’s premature to say they have a 
very promising platform” 

Companies such as Alnylam have built their 
business by enticing big pharmaceutical com- 
panies in as partners. That strategy has paid off: 
Alnylam has $372 million in cash, an unheard- 
of sum for a young biotechnology company with 
no drugs yet on the market. But the number 
of deals with major pharmaceutical firms has 
slowed, says Carr. “There was a wave of interest 
earlier on and it’s just not there now.’ 

Some holdouts remain. Merck spokeswoman 
Carolyn Lappetito says her company has not 
pulled back from RNAi. “Tt'sa long haul,” she says. 
“We have not decided to make any big changes.” 
And although Novartis ended its relationship 
with Alnylam, the company can now develop the 
31 RNAi-based candidate drugs generated dur- 
ing the five-year partnership. In comparison, the 
three years Roche spent in the field hardly seems 
enough time to fully evaluate the technique, says 
Maraganore. “Three years is nothing,” he adds. 
“Tt's like kicking your three-year-old out of the 
house and telling him to get a job” = 
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29 DE NOVIEMBRE AL 
10 DE DICIEMBRE 


The United Nations hopes that talks in Canctn will succeed where last year’s Copenhagen summit failed. 


ENVIRONMENT 


Climate talks focus 
on lesser goals 


With nations in gridlock over emissions, UN negotiators are 
concentrating on side deals to revive an ailing process. 


BY JEFF TOLLEFSON 


r | Vhe ivory-coloured beaches of Canctin 
promise tourists a chance to forget their 
worries. But there is no such assurance 

for the international negotiators who will flock 

to the Mexican resort next week to attend the 
sixteenth gathering of the United Nations 

Framework Convention on Climate Change. 

One year after the near-collapse of climate 
talks in Copenhagen, participants will be hard- 
pressed to map a viable path forward. Global 
climate negotiations began in 1992 at the United 

Nations Earth Summit in Rio de Janeiro, Brazil, 

and led to the 1997 Kyoto Protocol, in which 

industrialized countries agreed to curb their 

emissions. But the protocol was intended as a 

first step, and countries have been struggling to 

agree on a follow-up treaty ever since. Jairam 

Ramesh, India’s environment minister, says that 

Cancun is the “last chance” for such talks. 

Given China's continued opposition to a 

hard target for cuts in 


> NATURE.COM greenhouse-gas emis- 
For ongoing coverage sions, and the failure of 
of the Cancuin the United States to pass 
meeting, visit: climate legislation, there 
www.nature.com/news is virtually no hope ofa 


binding global emissions treaty at the Canctin 
meeting, which will run from 29 November to 
10 December. But the door remains open for 
progress on forestry, adaptation and technol- 
ogy transfer, agreements on which were close 
to fruition in Copenhagen but were ultimately 
held back by the principal dispute over emis- 
sions. This time, negotiators hope to take a 
bottom-up approach by settling on a pack- 
age of smaller agreements that could serve 
as a starting point for real — albeit limited — 
action, even as broader treaty negotiations con- 
tinue. Christiana Figueres, who took office as 
United Nations climate chief in May, says that 
Cancun can be successful if parties are willing 
to compromise and “balance their expecta- 
tions” about the outcome. 

“Tt’s a question of trying to get some incre- 
mental gains,” says Saleemul Huq, a senior 
fellow at the International Institute for Envi- 
ronment and Development (IIED) in London. 
“The approach of all-or-nothing that we took 
in Copenhagen blew up in our faces, and we 
can’t just sit back and do nothing at all.” 

World leaders descended on Denmark in 
December 2009 to extend the Kyoto agree- 
ment, which is set to go dormant after the 
current commitment period expires in 2012. 
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The goal was a new deal that included the 
United States — which has never signed the 
Kyoto Protocol — and the largest emerging 
economies, where emissions are growing at an 
alarming rate. After days of fruitless wrangling, 
a last-minute agreement brokered between the 
United States, China, India, Brazil and South 
Africa offered a way forward, but the effort 
buckled when a handful of developing coun- 
tries who had no say in the crafting of the deal 
objected that commitments from industrial- 
ized nations to reduce carbon emissions did 
not go far enough. The accord failed to gain 
unanimous support, and negotiators returned 
home with no clarity on how to proceed. 
Countries have spent the past year arguing 
over the details of the Copenhagen Accord, 
but the world’s largest greenhouse-gas emit- 
ters, China and the United States, are at odds. 
The United States wants to see ‘measurable’ 
and ‘verifiable’ commitments from developing 
countries — as stated in the accord — whereas 
China and others question how the United 


States will meet its own commitment without 
legislative support from Congress. 

“The reality is that until there is some kind 
of movement from the largest economy in the 
world, it is unrealistic for others to show their 
hand,” says Shyam Saran, who stepped down 
this year as India’s chief climate negotiator. 
Negotiators are currently marking time on the 
big issue and focusing on a more piecemeal 
approach, in the hope that these smaller ini- 
tiatives will eventually “add up to something 
significant’, he says. 

There has been considerable progress on 
initiatives that would funnel money from indus- 
trialized nations to developing countries, and 
help them to reduce emissions from deforesta- 
tion (see ‘Hope in the Amazor) and adapt to 
the changing climate. Negotiators also seem to 
be converging on the creation of a network of 
innovation centres to help developing coun- 
tries to cope with climate and reduce emissions, 
although disputes over intellectual property 
could hamper technology transfer. But these 


SUCCESS STORY 


Hope inthe Amazon 


Amid gloomy assessments of the scant 
progress made in curbing carbon emissions 
worldwide, there is encouraging news: 
deforestation in the Brazilian Amazon has 
slowed. Last year, it dropped to 7,464 square 
kilometres, down 73% from a 2003/2004 
peak of 27,423 square kilometres (See chart). 

Brazil was initially opposed to developed 
nations buying rainforest credits to offset 
their emissions instead of reducing them, 
so it crafted its own forest-carbon policy. 
Enforcement of logging rules and land titles 
was stepped up, and in 2008 it created 
the Amazon Fund, a donor system that 
encourages wealthy nations to contribute to 
antideforestation schemes but doesn’t confer 
carbon credits. Norway made a 
US$1-billion pledge — equating to about 
200 million tonnes of emission reductions at 
current carbon conversion prices. 

At the 2009 climate talks in Copenhagen, 
Brazil pledged to cut deforestation by 
80% by 2020. Depending on the final 
deforestation total for 2010, which Paulo 
Moutinho, executive director of the Amazon 


The deforestation decline 


Environmental Research Institute in 
Brasilia, says is expected to be 5,000-6,000 
square kilometres, it might be able to meet 
that target a decade early. According to 
calculations by the Union of Concerned 
Scientists in Cambridge, Massachusetts, the 
resulting reduction in emissions could total 
1 gigatonne (10° tonnes) of carbon dioxide 
a year, equivalent to reductions promised by 
the United States over the next decade. 

The goal of the forestry talks in Cancun 
is to create a broader framework that will 
encourage similar efforts elsewhere. But it 
could be difficult for Brazil to maintain such 
progress in the coming years, says Moutinho, 
citing rising demand for agricultural 
commodities, ongoing development and 
road construction in the Amazon and 
growing pressure to weaken the country’s 
forest-protection laws. 

“This context represents a big challenge” 
for incoming president Dilma Rousseff, 
who will take office in January 2011, says 
Moutinho. “Let’s pray that she will be able to 
deal with it” J.T. 


Logging in the Brazilian Amazon is at its lowest for 20 years. 
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agreements ultimately depend on financing. 
In the Copenhagen Accord, which has now 
been endorsed by most nations, rich countries 
agreed to provide money for programmes to 
help the developing world: a total of US$30 bil- 
lion by 2012, increasing to $100 billion a year 
by 2020. An analysis by 


“The approach the ITED has identified 
of all-or- roughly $28.5 billion 
nothing ied that has been pledged 
bagied for short-term financ- 
apes d ing so far, but it is not 
f baie ml = always clear whether 
can’tjust do 


these pledges represent 
new money or existing 
aid repackaged as cli- 
mate finance. Nor is it clear how countries will 
live up to the longer-term commitment. Nations 
are discussing a multitude of financing mecha- 
nisms, from direct appropriations to levies and 
carbon taxes on international transport. 

At the Cancun talks, Mexico will have a stra- 
tegic role in pulling these agreements together, 
both as the host nation and as an emerging 
economy that has been willing to engage with 
developed countries and talk about climate 
commitments from developing countries. The 
Mexican delegation will convene key parties in 
an effort to guide the process and keep every- 
body on track. They will also have a hand in 
guiding parallel — but separate — talks over 
extending the Kyoto Protocol, although little 
progress is expected on that front. 

Meanwhile, thousands of professional 
negotiators assigned to specific aspects of a 
collective climate deal will be working to remove 
bracketed language — representing areas of 
disagreement — and assemble a single text that 
can be unanimously approved by the confer- 
ence. The parties will also try to establish a new 
deadline for further decisions, either next year 
at talks in Cape Town, South Africa, or in 2012, 
when countries will mark the twentieth anni- 
versary of the start of the climate talks. 

But there are no guarantees that old ghosts 
wont come back to haunt Cancun, making it 
hard to reach any significant agreement. US 
negotiators have warned that the Copenhagen 
Accord is a package deal, meaning that the 
financing it has already promised is contingent 
on developing countries living up to their part 
of the deal. And that means that disputes about 
emissions commitments could once again hold 
up progress in other areas. 

“T don't think you make progress on any of 
these issues without some progress on all of 
them,” says Eileen Claussen, president of the 
Pew Center on Global Climate Change in 
Arlington, Virginia. She anticipates two possi- 
ble climate outcomes: in the positive scenario, 
countries will make incremental progress in 
negotiations and continue to implement cli- 
mate policies at home, opening the way to a 
more comprehensive treaty a few years down 
the road. “The negative scenario,” she says, “is 
that it all blows up.” m SEE WORLD VIEW, P.477 
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The roots of resistance 


Learning how melanoma fights back may yield new therapies. 


BY HEIDI LEDFORD 


promising new cancer drug called 
Are made waves earlier this year 
for its success against the deadly cancer 
melanoma. The results of a clinical trial were 
dramatic, with some patients emerging nearly 
cancer-free. But for most, the drug stopped 
working about seven months after therapy 
began, and the tumours returned’. This week, 
two follow-up studies reveal why PLX4032 
fails and how tumours’ resistance to it might 
be overcome. 
About half of patients with melanoma have 
a mutated version of the B-RAF protein, which 
is thought to help trigger the growth of tumour 
cells. PLX4032 was designed by Plexxikon, a 
pharmaceutical company in Berkeley, California, 
to selectively inhibit it. In one study”, PLX4032 
shrank tumours in 24 of 32 patients with B-RAF 
mutations. But tumours often evolve ways to 
evade treatment, and this was no exception. Levi 
Garraway, an oncologist at the Dana-Farber 


Cancer Institute in Boston, Massachusetts, 
and his colleagues have now found that exces- 
sive production of a cancer-promoting protein 
called COT can shield cultured cells from 
PLX4032. High levels of COT were also found in 
two of three PLX4032-resistant tumours taken 
from patients who had received the drug’. 

A group led by Roger Lo, a dermatologist 
at the University of California, Los Angeles, 
found two other ways for tumour cells to 
short-circuit PLX4032: by reactivating the 
B-RAF signalling pathway damped down by 
the drug, or by stimulating tumour-cell growth 
mediated by a different protein’. Larger studies 
will be needed to assess the importance of both 
groups results for clinical applications. 

Still, the findings are a crucial step towards 
determining how to overcome PLX4032 resist- 
ance, says Alexis Borisy, chief executive of Foun- 
dation Medicine in Cambridge, Massachusetts, 
which is developing diagnostic tests for tumours. 
Pharmaceutical firms have already started clini- 
cal trials to test PLX4032 in combination with 


experimental drugs that inhibit MEK, a protein 
involved in cell growth. When Garraway’s team 
tested this combination in their cultured tumour 
cells, they found that it overcame the effects of 
high levels of COT expression. 

Clinicians may need to combine four or more 
drugs to create a potent cancer-fighting cocktail, 
says Borisy. PLX4032 is a good place to start, 
he notes: its highly selective targeting of B-RAF 
means it could have fewer unwanted side effects. 
“Tt’s an exciting opportunity,’ he says. m 


1. Ledford, H. Nature 467, 140-141 (2010). 

2. Flaherty, K. T. et al. N. Engl. J. Med. 363, 809-819 
(2010). 
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publication doi:10.1038/nature09627 (2010). 

4. Nazarian, R. et al. Nature advance online 
publication doi:10.1038/nature09626 (2010). 


CORRECTION 

The News story ‘China tackles surge in 
mental illness’ (Nature 468, 145; 2010) 
incorrectly implied that Wanjun Guo 

eads a 20-million-yuan project to survey 
mental disorders in the ‘post Wenchuan 
earthquake’ region. Guo is merely a 
participant in the project, which is itself only 
part of a 20-million-yuan effort to study 
the psychological impact of the quake and 
identify potential interventions. 
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Acall for more 
female leaders round the 
climate-policy table p.502 


Torn between Insects made 
conservation and magnificent at 
economics p.503 monstrous size p.506 


In praise of 
the James Webb Space 
Telescope p.508 


Tar sands need solid science 


As Canada exploits its oil sands ever faster, David Schindler calls for industry- 
independent environmental monitoring to back up better water-quality regulation. 


hen Canadian-born movie 
director James Cameron visited 
his home country’s tar-sands 


mining operation this September, he 
concluded: “The oil sands can be either a 
blessing or a curse to Alberta, depending on 
how they are developed.” He called for bet- 
ter monitoring, independent research, more 
consideration of the needs of aboriginal 
groups and a slowdown of development until 
better technologies are developed. It seems 
the creator of Avatar and Titanic — mov- 
ies that showcase disasters following hubris 
— is better able than local politicians and 
industrialists to see that megadevelopments 
often don’t have rosy outcomes. 


The debate about oil-sands extraction has 
become polarized, with players cast as either 
totally against, or for developing the sands 
rapidly without regard for environmental 
consequences. Both positions are based 
on very little evidence. A more moderate 
approach, with the pace of development 
based on solid environmental science, would 
be better in the long run. 

The current environmental monitoring 
programmes for Alberta’s waterways are 
in my view sporadic and poorly designed. 
Water quality — in which I have expertise 
and have done research in the tar-sands area 
— is not the only, or even the main, prob- 
lem. There are serious concerns about issues 


including possible disastrous ruptures of 
tailings ponds that could spread toxic chemi- 
cals as far as the Beaufort Sea, the low rate at 
which land is being reclaimed after the end 
of mining, and greenhouse-gas emissions. 
Regulation is a problem in these areas too, 
but basic improvements in monitoring sci- 
ence would not help to sort these things out 
easily. By contrast, better information could 
make a big difference to water quality. 


MINING BOOM 

Industrial development of Alberta’s oil 
sands began in 1967. The cost of produc- 
ing usable oil from the bituminous sands 
was high, and companies struggled for 
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the next 30 years. As the price of conven- 
tional oil edged upwards at the turn of the 
millennium, development in the oil sands 
increased at a frantic pace. Production 
rocketed from 760,000 barrels of oil a day 
in 2005 to 1.3 million barrels a day in 2006, 
and is projected to reach 3.3 million barrels 
or more a day by 2020. The proven reserve 
is listed as the planet's second largest after 
Saudi Arabia, with around 170 billion bar- 
rels recoverable at 2006 prices. 

The extraction of oil from the sands is 
energy intensive: the energy cost per barrel 
is higher than for conventional crude oil, 
although it is difficult to quantify the life- 
cycle emission differences. Emissions of 
carbon dioxide from the Canadian oil sands 
are expected to reach 108 megatonnes by 
2020 — a fifth of Canada’s current national 
emissions. The extraction also requires a 
huge amount of water — 2-5 barrels of water 
per barrel of oil. Much of the used water ends 
up in toxic tailings ponds, which can kill 
birds that land in them and are suspected of 
seeping chemicals into groundwater. 

By 2008, the industrial footprint of the 
oil-sands operation was 650 km* — about 
one-hundredth the size of Alberta (or Texas). 
The area of mine pits and tailings ponds is 
about four times larger than it was in 1992. 
Environmental groups and the handful of 
aboriginal communities living in towns 
near the oil sands (see map) have repeatedly 
warned that the rapid development has come 
at too high a cost to the environment. 

The Canadian Association of Petroleum 
Producers, based in Calgary, Alberta, oil- 
sands companies and the Alberta provincial 
government have responded to criticism 
with their own publicity campaign. Web- 
sites, large newspaper ads, TV commer- 
cials and even electronic billboards in New 
York’s Times Square and Piccadilly Circus 
in London portray oil-sands development as 
environmentally responsible. One ad aimed 
at US audiences reads “A good neighbor 
lends you a cup of sugar. A great neighbor 


TAR-SANDS MINING 
IN CANADA 


Oil production from the tar 
sands has rocketed (a), and 
the potential for mining 
expansion (b) could lead to 
more pollution. 
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provides you with 1.4 million barrels of oil 
per day. And does it responsibly Other ads 
tout the provinces commitment to carbon 
capture and storage — in 2008, it commit- 
ted to invest US$2 billion in the technology 
— and to protecting land and water. But, so 
far, carbon capture and storage is only at the 
developmental stage, and there seems little 
prospect of it reducing emissions substan- 
tially. Nor do I think that water is being 
sufficiently protected. 


OIL IN WATER 
Bitumen contains a potent brew of toxic 
organic and inorganic chemicals. Lab studies 
show that fish eggs laid on sediments contam- 
inated with bitumen often die, and survivors 
have high rates of malformations including 
spinal deformities, lesions, haematomas and 
eye defects’”. Similar malformations are 
observed in adult fish caught downstream 
of the oil sands by abo- 
riginal people who rely 


n fish as a major sour "The fox has 
is eee’ been leftin 
of protein. Research- 

charge of the 


ers have seen slightly 
increased incidences of 
cancer in people down- 
stream of the tar sands, which could be due to 
chance or industrial pollution’. More work is 
needed to investigate this question. 

So far, no government agency seems to have 
taken full responsibility for ensuring adequate 
monitoring of the Athabasca River and its 
tributaries, which run through the area. The 
hazy Canadian constitution gives jurisdiction 
over fish and water that flows across provin- 
cial boundaries to the federal government and 
jurisdiction over land (including watersheds) 
to the provinces. Responsibilities and moni- 
toring tasks are split between federal bodies 
including Environment Canada and Fisheries 
and Oceans Canada, and the provincial body 
Alberta Environment. Much of the water 
monitoring has ended up with the Regional 
Aquatics Monitoring Program (RAMP) —a 
body with some serious shortcomings. 
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RAMP is an industry-funded group 
designed to involve stakeholders from a 
wide range of groups including local and 
aboriginal communities, environmental 
non-governmental organizations (NGOs), 
government agencies at all levels, oil-sands 
developers and other industries. However, 
some aboriginal communities and environ- 
mental NGOs have left RAMP, expressing 
concerns about their opportunity to par- 
ticipate meaningfully or about the group's 
links with industry. According toa RAMP 
spokesperson, the group currently counts 
only 1 aboriginal community and no NGOs 
among its members, along with 8 govern- 
ment bodies, 12 energy companies and a 
gravel-mining company. The fox has been 
left in charge of the henhouse. 

In 2004, a review of RAMP by three fed- 
eral senior scientists highlighted “a serious 
problem related to scientific leadership’, 
inconsistent sampling and methodology, 
and lack of accessibility to data*. It con- 
cluded that RAMP’s data collection made 
it impossible to determine, for example, 
the extent to which mining has increased 
the concentrations of contaminants in the 
river over natural background levels. RAMP 
responded to this review by making some 
changes, including promising to open up 
its database to public view online — which 
hasn't happened yet. A new independ- 
ent review of RAMP is due in December; 
I expect it will continue to find problems 
with the organization and its data. 

Thanks in part to the past inaccessibility of 
RAMP data, there have been few independ- 
ent analyses of its results. Kevin Timoney, a 
consultant for the Mikisew Cree First Nation 
band of aboriginal people, was able to obtain 
access before that group resigned from RAMP 
in November 2009. He and a colleague con- 
cluded that RAMP’s data show increases in the 
concentrations of mercury in fish, and of poly- 
cyclic aromatic hydrocarbons in river water 
and sediments’. RAMP did not comment, 
but an Alberta Environment representative 
publicly attacked the study, accusing the 
authors of, among other things, lying and 
removing data from the study. Faced with a 
threat of legal action, he sent the authors a let- 
ter of retraction and apology this summer. 

The Canadian House of Commons Standing 
Committee on Environment and Sustainable 
Development held 18 months of hearings 
in 2009 and 2010 on water issues in the oil 
sands. More than 60 witnesses testified. But 
the committee never issued a public report. 
According to news stories in July 2010, the 
committee destroyed the draft copies after 
failing to reach a consensus. The minority 
Liberal and New Democratic parties issued 
their own reports on the hearings®’, con- 
demning the state of the science and the 
monitoring programme, and identifying 
many topics on which federal responsibilities 


Author David Schindler (left) holding a deformed whitefish from the Athabasca R 


were being ignored, including protection of 
the Mackenzie River watershed (of which the 
Athabasca River is a part), aboriginal peo- 
ples, lands and species at risk. The oil indus- 
try and Alberta politicians largely dismissed 
these concerns. 


EVIDENCE BASE 

To redress the scarcity of peer-reviewed 
science, in 2007 I formed a small group of 
experts to test a frequent claim of the oil-sands 
industry and Alberta government that toxins 
in the Athabasca River and its tributaries are 
from natural seepage from bitumen depos- 
its. This seemed unlikely, given the probable 
erosion of areas cleared of soil and vegetation 
for industrial use, seepage from 130 km’ of 
tailings ponds, and airborne emissions from 
coke-fired upgraders that convert raw bitu- 
men to synthetic crude oil. We mounted 
two field expeditions in 2008 — one during 
winter when the river was ice-covered and 
four months of snow had accumulated, and 
another during midsummer. As expected, we 
found a wide variety of toxic contaminants 
deposited in the snowpack, some detect- 
able as far as 50 km from the main pollutant 
sources. In the river system, we found that 
industry added substantially to the natural 
contaminant loading*”. Alberta Environment 
continues to counter that environmental con- 
taminants are largely natural in origin — even 
though, as far as I can tell, they have published 
no studies of atmospheric deposition of trace 
contaminants. 

Two panels of experts, one federal and one 
provincial, have been appointed to resolve 
the disagreement between our conclusions 
and those of RAMP and provincial moni- 
toring programmes. The federal panel is 
expected to report to the minister of the 
environment by mid-December 2010, the 


provincial panel two months later. The pan- 
els contain recognized experts in the fields of 
water pollution, watershed monitoring and 
petroleum science; some are members of the 
Royal Society of Canada. 

Ideally, Environment Canada should 
assume responsibility for monitoring the 
Athabasca River and its tributaries. They are 
the only agency with the necessary expertise 
in both contaminant chemistry and water- 
shed monitoring. The sampling programme 
must be strategically designed to monitor 
airborne and waterborne pathways of con- 
taminants, and to separate industrial from 
natural sources. Seasonal changes, such as 
the influx of pollutants from contaminated 
snow during spring snow melt, must be 
accounted for. Special attention must be 
paid to assessing the cumulative effects of 
so many megaprojects in one watershed”. 

Overall, the effort needed is several times 
that currently invested by all groups in moni- 
toring this important river. In addition, to 
restore public trust, a panel of independent 
scientists and community leaders should be 
formed to provide oversight of this monitor- 
ing programme. Results should be published 
in peer-reviewed scientific papers, and 
reported to the public at large. A good model 
is the US Geological Survey's National Water- 
Quality Assessment Program. 

Meanwhile, the rush for expansion in the 
oil sands is resuming, after a months-long 
lull caused by the global recession. French 
energy giant Total is proposing another 
huge surface mine, and a decision by the 
provincial Energy Resources Conserva- 
tion Board (ERCB) is expected by the end 
of 2010. The hearings for such applications 
follow a script as predictable as an opera: 
‘experts’ sing their arias in praise of, or in 
opposition to, development of the oil sands, 


iver. Scientists and activists (right) are trying to assess pollution in the area. 
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generating hundreds of pages of testimony. 
The cast may vary, but the audience can 
guess the outcome: although the ERCB has 
added conditions and amendments to oil- 
sands proposals, it has never yet rejected a 
project. 

In the face of such rampant expansion, 
it is ever-more vital that we have good, vis- 
ible data against which the public can hold 
regulators to account. With better science in 
place to monitor water quality and protect 
the environment, moderation in oil-sands 
development should follow. = 


David Schindler is an ecologist at the 
University of Alberta, Edmonton, Alberta 
T6G 2E9, Canada. 
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Callin the women 


A critical mass of female voices changes the tenor of political and corporate 
decisions — and should be used to galvanize climate policy, says Susan Buckingham. 


women to be engaged in environmental 

decision-making at all levels. This was 
on the grounds of human rights and justice, 
and because of their distinctive experiences 
of childbirth, caring for vulnerable family 
members, unpaid or undervalued work and 
subsistence food production. These experi- 
ences often expose women to environmental 
problems in ways that are more direct and 
harsher than for men — for example, women 
suffer disproportionately from indoor air 
pollution in countries that use biofuels for 
cooking and heating. 

Even in the developed world, women 
are still more likely to be involved with 
household tasks, from cleaning and grocery 
shopping to bill paying, in which envi- 
ronmental issues can be a direct concern. 
Such different experiences may lie behind 
different attitudes that men and women, 
on average, have to environmental issues. 
A 2009 Eurobarometer survey on behalf of 
the European Commission and European 
Parliament showed that men were more 
likely to think that carbon dioxide emissions 
have only a marginal effect on climate change 
(33% versus 29% for women), and that the 
seriousness of climate change has been exag- 
gerated (31% versus 25% for women)’. 

The current landscape of industries, 
governments and other bodies with a say in 
climate-change issues — including transport, 
energy, waste management, architecture and 
city planning — is predominantly male. In the 
Intergovernmental Panel on Climate Change 
(IPCC), only 5 of the 31 chairs, co-chairs and 
vice-chairs are women. Perhaps surprisingly, 
this dearth of female faces extends to non- 
governmental organizations and campaign 
groups. In my eight years as chair of the UK- 
based Women’s Environmental Network, I 
was struck by the machismo of much of the 
environmental campaigning sector. 

Almost two decades on from that UN 
call, women’s views are still not being heard 
where they count. This is more than unjust: 
it isa missed opportunity, given the political 
deadlock over addressing global warming. 
Although it is difficult to prove a connection 
between gender balance and decision-mak- 
ing, or to pinpoint causation, there are signs 
thata critical mass of women is linked to more 
progressive and positive outcomes. A recent 
study published in Science, for example, 
showed that collective intelligence rises with 
the number of women in a group — probably 


|: 1992, the United Nations called for 
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Christiana Figueres, executive secretary of the UN 
Framework Convention on Climate Change. 


because of their increased social sensitivity”. 
In 2007, in a survey of gender balance at 
senior management level in companies, McK- 
insey & Company, a management consultancy 
in New York, found a positive and significant 
relationship between the employment of three 
or more women in every ten or so appoint- 
ments and factors such as company perform- 
ance in leadership, innovation, return on 
equity and stock price’. It is generally thought 
that at least 30% women is needed in a group's 
leadership to alter decision-making. Less 
than this, and the women may be drowned 
out, feel too intimidated to comment or have 
been selected because their views tend to 
conform to those of their male colleagues. 


BETTER TOGETHER 

Gender balance has also been linked with 
environmental decision-making. In 2003, 
my colleagues and I made a study of waste- 
management systems for the European Com- 
mission‘. We found that the local authorities 
with the highest recycling rates had a higher 
percentage of women managers than average. 
They also tended to include fewer engineers 
and more decision-makers from diverse 
backgrounds, including education. 

Similar trends can be seen in national car- 
bon emissions. Out of the 70 most developed 
countries in the world, only 18 reduced or 
stabilized their overall carbon emissions 
between 1990 and 2004 (ref. 5). Fourteen of 
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these had a greater-than-average percentage 
of female elected representatives. Again, 
that doesn’t prove causation, but it hints 
that gender balance and more sustainable 
decision-making may go hand in hand. 

A challenge to the male dominance of the 
climate-change community was launched 
in 2007 at the Conference of the Parties to 
the IPCC in Bali, through the creation of 
the Global Gender and Climate Alliance. It 
aims to ensure that gender concerns are inte- 
grated into the process for negotiating climate 
change. In March 2010, a coalition of women’s 
environmental groups challenged the all-male 
nominations to the UN’s High Level Advisory 
Group on Climate Change Financing. One 
woman, Christine Lagarde, the French minis- 
ter of economic affairs, industry and employ- 
ment, replaced a man in the advisory group, 
although alone she is unlikely to be able to 
make significant changes. Similarly, the May 
2010 appointment of Christiana Figueres, a 
former government minister and environ- 
mental negotiator from Costa Rica, as the new 
executive secretary of the UN Framework 
Convention on Climate Change is encourag- 
ing, but alone it might not be enough. 

Environmental consultant Candice 
Stevens, a former sustainable-development 
adviser to the Organisation for Economic 
Co-operation and Development, recently 
suggested that the “abysmally slow” progress 
on sustainable development might be linked 
to “sluggish” advances in achieving gender 
equality, and called for research to investigate 
this question’. More research is a good idea. 
But in my view, there is enough evidence 
now to justify increasing women’s involve- 
ment in decision-making on climate change. 
We should do so without delay. m 
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associate of the Institute for the Environment 
at Brunel University, Uxbridge UB8 3PH, UK. 
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Popularity has led to pandas being both hunted and conserved in the wild. 


CONSERVATION 


China’s national 


treasure 


The panda’s plight shows how protection often vies with 
economic necessity, finds Jane Qiu. 


panda (Ailuropoda melanoleuca) in 
1869, the beast has emerged as China's 
biggest icon and as the face of global conser- 
vation. Pandas have been sent on diplomatic 
journeys and their image has adorned every- 
thing from chocolate to electronic goods. 
In The Way of the Panda, science jour- 
nalist Henry Nicholls charts the rich and 
curious history of the animal. He skillfully 
interweaves the species’ rise to global fame 
with China’s development as a nation since 
the late nineteenth century. And he explains 
how the pandas popularity has led to it being 


ince the West first ‘discovered’ the giant 


both hunted and conserved in the wild. 

At the centre of the tale is a female panda 
called Chi Chi. Intended to be sold to 
Brookfield Zoo near Chicago, Illinois, in 
1958, she fell foul of politics when a US 
trade ban with Communist China blocked 
the deal. She was eventually obtained by 
London Zoo, where she became the focus 
of panda fervour. Greeted by millions of 
zoo Visitors and appearing on television, 
Chi Chi became a household name. Her 
failed breeding attempts with An An, a male 
panda in Moscow Zoo, inspired cartoonists 
and journalists worldwide, who exploited 
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the parallels with the cold-war chill between 
the United Kingdom and Russia. In 1961, 
Chi Chi was immortalized by the World 
Wildlife Fund (WWE), when she was used 
as the basis for its panda logo. 

Eighteen years later, WWF became the 
first international conservation agency to 
hold talks with China after the Cultural Rev- 
olution. This led to the start of the ground- 
breaking China~ WWF research project on 
wild pandas in 1985. Traps and radio collars 
revealed the secret world of these elusive 
creatures: their foraging behaviour, their sex 
life, mother and cub relationships, and their 
communications, mostly through odour and 
vocalization. The WWF recorded the distri- 
bution of bamboo species across China, and 
intervened to protect the animals during 
periods when the bamboo forests flowered 
and died. Today, there 
are thought to be 
about 1,600 pandas in 
the wild, mainly in the 
Sichuan, Shaanxi and 
Gansu provinces. 

As Nicholls astutely 
explains, the panda’s 
popular appeal has 
been both a bless- 
ing and a curse for 
the animals’ survival 
in the wild. After the 
panda’s existence 
became known in the 
West, specimens were 
sought, dead or alive, 
by explorers, trophy hunters, taxonomists and 
animal collectors. In Sichuan, the provincial 
government banned the capture of pandas in 
1938 amid the turmoil of the Sino-Japanese 
war. But they continued to be taken from the 
wild to satisfy the demand of zoos and diplo- 
matic missions. Symbolizing friendship and 
goodwill, pairs of pandas were presented to 
US President Richard Nixon after his state 
visit to China in 1972, and to Hong Kong 
when it rejoined China in 1997. 

The level of adulation given to pandas in 
zoos has distorted our view of them. Because 
they have had difficulty breeding in captivity 
and have highly limited, specific diets, pandas 
are often assumed to be inept, a species at an 
evolutionary dead end that might become 
extinct without human help. Yet scientists 
who study pandas in the wild have a very 
different picture. Wild pandas breed readily, 
have sophisticated foraging and communi- 
cation skills, and are ferociously territorial. 
Nicholls argues that unless this distinction is 
acknowledged, we will “conserve the virtual 
rather than the real giant panda’. 

Indeed, as the number of pandas in captiv- 
ity grows — and it is now around 300, thanks 
to artificial insemination and research into 
their reproductive behaviour — their wild 
counterparts are coming under increasing 


The Way of the 
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> pressure. Human population growth, 
farming and the construction of dams 
and highways threaten panda reserves 
across China. Programmes to return 
captive pandas to the wild are a distrac- 
tion from what really matters: protecting 
wild pandas, which are endangered 
not by their biology but by the loss and 
fragmentation of their habitat. 

Nicholls acknowledges the enormous 
challenge China faces to balance eco- 
nomic development and conservation. 
He is right to point out that the coun- 
try has made extraordinary leaps: it has 
added another 60 panda reserves cover- 
ing more than 70% of suitable habitat; 
introduced tougher enforcement of 
blanket logging bans within nature 
reserves; and invested tens of billions of 
dollars in a series of policies, such as the 
Natural Forest Protection Programme 
and the Sloping Land Conversion Pro- 
gramme, to encourage forest protection 
and restoration. 

Yet Nicholls does not sufficiently 
explore the substantial gap between these 
well-intentioned conservation plans and 
their incomplete implementation in prac- 
tice, a problem that plagues many areas 
of development in the country. Despite 
China's pledge to protect the environ- 
ment, economic development frequently 
takes precedence at the provincial level. 
Consequently, panda habitats are often 
destroyed or fragmented to make way 
for major infrastructure projects such as 
dams and highways. 

Tourism is also a threat. For example, 
Jiuzhaigou, part of the pristine Sichuan 
Giant Panda Sanctuary — a World Herit- 
age Site — is visited by millions of tourists 
each year. Nicholls notes that even when 
ecotourism is deliberately introduced to 
provide local people with a livelihood 
that is not damaging to nature reserves, 
economic benefits often go to investors 
based outside the community. Hotel and 
restaurant owners tend to import skilled 
workers rather than train locals. Hence, 
he points out, local people often continue 
to chop down trees or convert forests into 
farmland. 

Through this engaging tale of the 
panda’s plight, Nicholls highlights how 
conservation pressures are often pitched 
against economic ones. At the recent 
United Nations Convention on Biological 
Diversity summit in Nagoya, Japan, there 
was broad acknowledgement that radi- 
cal steps to reform economic and social 
development are necessary to protect 
natural resources. Such a strategy could 
be the best hope for the giant panda and 
other species that face extinction. m 


Jane Qiu writes for Nature from Beijing. 
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Catching up with 


the Sun 


Douglas Gough enjoys a wide-ranging tour of the many 


influences of our nearest star. 


Louis XIV of France named himself the Sun King to bolster his authority. 
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o humankind, the Sun is the most 
| important body in the Universe. 
It has been deified and associated 
with fecundity and eroticism, it pervades 
literature, art and film, and it influences 
our daily moods. Studies of the Sun 
motivated revolutionary changes in sci- 
entific thought in the twentieth century 
— including quantum mechanics and 
general relativity — and today its workings 
still constitute a most important branch of 
astronomy and astrophysics. To write yet 
another work about our nearest star is a 
formidable challenge 
that author Richard 
Cohen takes up with 
aplomb. Chasing the 
Sun paints a fascinat- 
ing and far-reaching 
scene that incorpo- 
rates nearly all aspects 
of solar phenomena. 
Chasing the Sun: Cohen touches on 


The Epic Story of a range of histories 
the Star ThatGives of Sun-related myths, 


Us Life religions, supersti- 
oy tions and traditions. 
imon & Schuster, 

F Babylon, Egypt 
Random House: 2010. nae aby! He ced 
704 pp/608 pp. and Greece to China, 


£30/$35 Persia, India, Peru, 

Arabia and Japan, 
ancient cultures established observatories 
to chart the motions of the Sun, the Moon, 
planets and stars. Because the annual shift 
of the Sun’s path across the sky is pertinent 
to the survival of agrarian societies, these 
cultures developed calendars to determine 
when crops should be sown. 

The Sun was a god to many civilizations, 
and rulers often derived their authority by 
asserting that they were descended from 
it. Cohen describes the influence of the 
Sun on architecture, art, music, literature, 
poetry and even politics. He discusses how 
our understanding of the physical nature 
of the Sun has developed, and, to a lesser 
degree, how that knowledge has advanced 
our understanding of physics. 

The narrative is 
liberally sprinkled “Many dates 
with personal anec- gwe their 
dotes, which is largely origins to 
what makes thebook the Syn’s 
so enjoyable. Cohen 


‘ movements — 
describes how, early 


even the start 


in the morning of of the UK tax 
the summer solstice a 
year. 


of 2005, he ascended 
Mount Fuji in Japan 
to see the sunrise with the words “You run 
and you run to catch up with the Sun” from 
Pink Floyd’s song Time running through 
his ears. At the summit, he bathed in the 
colours of the rapidly changing skyline 
— indigo, purple, ochre — and, when the 
full glare of the Sun struck home, he > 
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Books in brief 


Blowout in the Gulf: The BP Oil Spill Disaster and the Future 

of Energy in America 

William Freudenburg and Robert Gramling THE MIT PRESS 

240 pp. $18.95 (2010) 

Environmental scientist William Freudenburg and sociologist Robert 
Gramling set the recent Gulf of Mexico oil spill in the broader context 
of energy policy. After examining decisions made during attempts 

to stifle the gushing well, they point the finger at the oil industry for 
cutting regulatory corners and pocketing the proceeds. In future, 
greater emphasis should be put on prevention, and risk assessments 
should include human as well as hardware foibles, they argue. 


The Evolutionary World: How Adaptation Explains Everything 
from Seashells to Civilization 

Geerat J. Vermeij THOMAS DUNNE Books 336 pp. $27.99 (2010) 

In his far-ranging book, geologist Geerat Vermeij stretches the 
implications of evolution to all aspects of society, from religion to 
morality. With a focus on adaptation and using examples from 
ecosystems around the world, he explains how natural selection has 
influenced human civilization and underpins our economic system, 
the development of communities and our attitudes to risk. Only 

by understanding these forces, he argues, can we prepare for the 
challenges that lie ahead. 


Information and the Nature of Reality: From Physics to 
Metaphysics 

Edited by Paul Davies and Niels Henrik Gregersen 

CAMBRIDGE UNIVERSITY PRESS 398 pp. $30 (2010) 

Information, rather than mass and energy, is coming to be seen 
as the fundamental currency of the Universe. Eminent scientists, 
philosophers and theologians come together in this anthology to 
chart this shift in thinking. After describing the historical development 
of theories of quantum, biological and digital information, they 
contrast biological and physical approaches to information and 
examine the philosophical and ethical implications of the concept. 


Our Magnetic Earth: The Science of Geomagnetism 

Ronald T. Merrill UNIVERSITY OF CHICAGO PRESS 272 pp. $25 (2010) 
Earth’s magnetic field is a valuable tool, influencing everything 
from compass settings to the migration of geese. It lays down 

in rocks a forensic record of the spreading of ocean floors, plate 
tectonics and past climate. It also protects our planet by deflecting 
damaging cosmic rays, and is sensed by organisms from bacteria 
to mammals. In his primer that is peppered with anecdotes, 
geophysicist Ronald Merrill explains why geomagnetism is central to 
Earth science and discusses how it could offer solutions to some of 
the biggest questions about our planet’s future. 


How Many Friends Does One Person Need? Dunbar’s Number 
and Other Evolutionary Quirks 

Robin Dunbar HARVARD UNIVERSITY PRESS 312 pp. $27.95 (2010) 
From our love of jokes to our degree of belief in religion, 
anthropologist Robin Dunbar seeks to explain why people behave 
as they do. Describing groundbreaking experiments that reveal 
how evolutionary biology underpins our behaviour, he asks why 
we laugh, why we should be suspicious of someone who has more 
than 150 friends on Facebook and why Barack Obama’s 2008 

US election victory was a foregone conclusion. 
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> understood why we say something 
‘dawns’ on us. The book is also pep- 
pered with gems of information, such 
as the origins of the expressions high 
noon, high seas and plain sailing. 

Much is said about time-keeping, 
and how many dates owe their origins 
to the Sun’s movements: pagan festivals, 
Christian festivals, even the start of the 
UK tax year on 6 April. Cohen also goes 
into the dangers of 


sunlight; forexam- NATURE.COM 
ple, he relates how, For areviewof 
after the 1999 solar _ discoveries from 
eclipse in England, _ solar eclipses, see: 
doctorsinaLondon  go.tiattire.com/eoze5h 


hospital reported 

that they could pinpoint the precise 
phase at which a patient had stared at 
the Sun from the shape of the ‘sickle’ 
damage to his or her retina. 

This book is no stolid scholarly 
treatise. Cohen is mainly a storyteller, 
who, after more than seven years of 
research, has amassed a prodigious 
amount of information and organized 
it into an entertaining narrative. How- 
ever, in not wanting to detract from the 
main point of his tale, he occasionally 
oversimplifies matters — especially 
those scientific ones for which veracity 
is sometimes left behind. For example, 
at the start of the book the casual reader 
might be led falsely to believe that the 
Sun is now contracting, later to fade 
into a red giant. This is contradicted 
nearly 600 pages 


“The Sun did later by a para- 
contract from graph offering 
the gas and a more accurate 
dust of the view. The Sun did 
interstellar initially contract 
medium, but from the gas and 
thattookjust dust of the inter- 
10 million stellar medium, 
years. id but that took just 


10 million years. 
Since then and for almost all of its 
existence — some 4.6 billion years so 
far — it has been expanding, and will 
continue to do so at a steadily accelerat- 
ing pace for nearly 6 billion years more. 
It will then expand rapidly into a highly 
luminous red giant, albeit with a lower 
surface temperature, before finally con- 
densing to a white dwarf. 
Despite shortcomings such as these, 
Chasing the Sun is a marvellous read. = 


Douglas Gough is a Leverhulme 
Emeritus Fellow at the Institute of 
Astronomy, and professor emeritus of 
theoretical astrophysics in the University 
of Cambridge, Madingley Road, 
Cambridge CB3 OHA, UK. 

e-mail: douglas@ast.cam.ac.uk 


506 | NATURE | VOL 468 | 25 NOVEMB 


SCULPTURE 


Terrible wonder 


Alfred Keller’s fastidious models of insects highlight his 
skill as an observer and a sculptor, finds Martin Kemp. 


‘ Venturing upstairs in Berlin's 

Museum fiir Gegenwart (Museum 

for Contemporary Art), we enter 

a darkened space inhabited by alien crea- 
tures, eerily spotlit in glass cases. 

The specimens in the exhibition, 
Die Sammlungen (The Collections), exude 
an air of menace. As we look more carefully, 
we begin to recognize some of the monsters 
as familiar insects, most obviously Musca 
domestica, the common housefly, and Pulex 
irritans, the flea, immortalized in Robert 
Hooke'’s Micrographia of 1665. The models, 
enlarged by a factor of 100, recall Hooke's 
comment about the terrible wonder of such 
magnified insects. He described the flea he 
viewed down his microscope as “adornd with 
a curiously polishd suit of sable Armour, 
neatly jointed, and beset with multitudes 


2010 
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of sharp pinns, shapd 
almost like Porcupine’s 
Quills, or bright coni- 
cal Steel-bodkins”. 

One of the large 
models on display is 
as bizarre a creature as we might ever see. It 
looks like a cartoon beetle with some ultra- 
sensitive receiving device of spheres and 
tendrils mounted ona short mast protruding 
from its back. It is in fact Bocydium globulare, 
the most extravagant of the leaf hoppers 
(pictured). The hollow globes, like the 
remarkable excrescences exhibited by other 
leaf hoppers, probably deter predators. 

This model is by the brilliant sculptor, 
Alfred Keller (1902-55). Keller was trained 
as a kunstschmied, an art blacksmith’. From 
1930 until his early death he was employed 


Die Sammlungen 
(The Collections) 
Hamburger Bahnhof 
Museum ftir 
Gegenwart, Berlin. 
Until 6 February 2011. 
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by the Berlin Museum fiir Naturkunde 
(Museum of Natural History), painstak- 
ingly labouring over his recreations of 
insects and their larvae. Each tooka year 
to complete. 

Keller worked first in plasticine, from 
which he cast a model in plaster. This 
plaster reference model he then recast in 
papier maché. Some details he added, cast 
in wax, with wings and bristles in cellu- 
loid and galalith (an early plastic material 
used in jewellery). Finally he coloured the 
surfaces, sometimes with additional gild- 
ing. The levels of patience and manual 
control Keller exercised were incredible. 
His fly, for example, boasts 2,653 bristles. 

It may surprise some to find that papier 
maché — a material now associated with 
messy child’s play — was used in sucha 
refined manner for scientific modelling. 
It was developed as a serious medium 
by the anatomist Louis Auzoux of Paris. 
He was looking for a cheap and portable 
alternative to the wax models that graced 
only the best funded schools of medicine. 
During the 1820s Auzoux perfected his 
technique, mixing powdered stone and 
flax fibres into his paper pulp. The result- 
ing models of bodies, with removable 
parts, were light, strong and flexible, and 
could be coloured and labelled. 

Auzoux set up a factory and shop to 
manufacture and distribute his models 
worldwide, progressively extending his 
production to zoological and botanical 
examples. His large-scale insects proved 
especially popular. His shop in the Rue 
du Medecine in Paris survived into the 
1990s; its remaining specimens were 
auctioned in 1998. 

Although they used similar media 
and sometimes the same insect subjects, 
Keller and Auzoux stood at different 
ends of the modelling business. Auzoux 
produced on a commercial scale; Keller 
was a sculptor of monumental one-off 
portraits. Each model is a masterpiece, 
with no effort spared. It is difficult to see 
how such a skilled artisan could survive 
in today’s museums, with their emphasis 
on cost analysis. Keller’s exacting mod- 
els may be things of the past, yet they are 
far from obsolete. Like the great habitat 
dioramas, they exercise a magnetic 
attraction. 

Are Keller’s models art or science? They 
are truly both. In the Museum fiir Gegen- 
wart we tend to see their artistry; in the 
Museum fiir Naturkunde their scientific 
dimension. But Keller's artistry is always 
apparent in his observations of nature — 
and his scientific observations are central 
to his art. m 


Martin Kemp is emeritus professor of art 
history at the University of Oxford, UK. 


INNOVATION 


The ideas lab 


BOOKS & ARTS | COMMENT | 


Jascha Hoffman reads about some creative research 
environments that led to unexpected discoveries. 


iomedical engineer David Edwards is 
B regarded as an innovation guru. His 

various achievements include bring- 
ing to the market new ways to deliver drugs 
to the lungs, as well as setting up Le Labo- 
ratoire, a forward-looking institution in 
Paris that seeks to harness the creativity of 
science and art (see Nature 449, 789; 2007). 
His growing empire of labs, galleries and 
non-profit organizations stretches from 
Paris to Cape Town to Cambridge, Mas- 
sachusetts, where he lectures at Harvard 
University. 

His latest book, The Lab, calls for anew 
breed of small, flexible institutions to 
support interdisciplinary researchers whom 
Edwards calls “artscientists”. Motivated by 
curiosity and passion, such researchers 
make unexpected discoveries that blur 
the conventional lines between science, 
business and art. Rather than prescribing 
the details of how such a lab should func- 
tion, Edwards offers examples from his 
own experience: ingenious humanitarian 
projects, culinary novelties and science- 
based art installations. 

Edwards's ideal laboratory requires large 
doses of supervision from experienced inno- 
vators. At Harvard, he 


has mentored under- these 
graduates during Mustere times, 
their pursuit of ambi- Edwards 

tious humanitarian fakesafirm 
projects, includingthe stance onthe 
development of soil- importance 
powered lighting for of the 


African villages using 
microbial fuel cells; 
the invention of a sleek water vessel whose 
collapsible skin was inspired by the design 
of living cells; and the creation of a soccer 
ball that generates electricity when you kick 
it. He is also on the board of Medicine in 
Need, an international non-profit organiza- 
tion that is pursuing an inhalable vaccine for 
tuberculosis. 

One can sense the creative zeal when 
Edwards turns to his work on culinary tech- 
nology. He describes a series of inventive 
soirées in Paris where guests were treated 
to caviar-like ‘flavour beads’ encapsulated 
in calcium alginate, or martinis that were 
turned to mist by ultrasound waves from 
piezoelectric crystals. The most popular 
of his foodstuff experiments is Le Whif, a 
form of breathable chocolate developed 


imagination.” 


with French chef Thierry Marx, inspired 
by Edwards’s earlier research on inhal- 
able drugs. Delayed by faulty inhalers that 
spewed cough-inducing clouds of cocoa 
powder, a working version of Le Whif went 
on sale this year. 

As the curator of Le Laboratoire, Edwards 
also pairs conceptual artists with open- 
minded scientists. The results, displayed 
at his galleries in Paris and Cambridge, 
Massachusetts, are well intentioned but 
often incoherent. He 
describes in the book 
how he led Indian art- 
ist Shilpa Gupta to col- 
laborate with Harvard 
psychologist and neu- 
roscientist Mahzarin 
Banaji on an investi- 
gation of the biology 
of fear, resulting in 
an installation that 
required thousands 
Harvard University of microphones to be 
Press: 2010. 224 pp. strung from the ceiling. 
$22.95 The puzzling opacity of 

such works brings to 
mind the comment of Swiss art curator Hans 
Ulrich Obrist: “Bringing art to science gives 
you a good chance of having neither.” 

Edwards's prose can be heavy with jargon 
and self-promotion. Whereas his previous 
book Artscience (Harvard University Press, 
2008; see Nature 451, 246; 2008) presented 
a series of vignettes of researchers working 
at the edges of their disciplines, the focus on 
Edwards's own endeavours in The Lab can 
feel narrow. Yet his enthusiasm is infectious. 
He comes across as a free-spirited inven- 
tor and educator. He is also a pragmatist, 
conceding that an emphasis on the creative 
process, and a high tolerance for failure, may 
make it harder for inventive researchers to 
achieve financial autonomy. 

In these austere times, Edwards takes 
a firm stance on the importance of the 
imagination: “If the lab sacrifices the 
playful, contemplative, daring, irreverent 
atmosphere of the creative band in order to 
gain sustainability,’ he writes, “the organi- 
zation may survive, but the lab will cease 
to exist.” m 


The Lab: Creativity 
and Culture 
DAVID EDWARDS 


Jascha Hoffman is a writer based in 
San Francisco, California. 
e-mail: jascha@jaschahoffman.com 
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ORRESPONDENCE 


IPCC yet to assess 
geoengineering 


As co-chair of Working Group III 
of the Intergovernmental Panel 
on Climate Change (IPCC), 

I would like to clarify your 
misleading implication that I 
recommend geoengineering as 
an option for attaining ambitious 
climate targets (Nature 468, 
13-14; 2010). 

The IPCC does not have a 
mandate to recommend or 
dismiss specific policies or 
technologies. It aims to assess 
all relevant climate-change 
mitigation options on the basis 
of peer-reviewed scientific 
literature. This assessment 
must be unbiased, factual and 
policy-relevant, without being 
prescriptive. 

There is ongoing public and 
scientific debate about using 
geoengineering as one of several 
options to mitigate climate 
change. Some decision-makers 
consider it a last resort in case 
technologies that are more 
conventional prove insufficient 
(for example, usage of renewable 
energy, carbon dioxide 
capture and storage, or nuclear 
power). Others are against a 
geoengineering option because 
of gaps in our knowledge, 
unwanted side effects and 
unmanageable risks. Notably, 
delegates at the United Nations 
Convention on Biological 
Diversity summit last month in 
Nagoya, Japan, agreed to call for 
a moratorium on geoengineering 
schemes (see go.nature.com/ 
kc1b9c). Also, the governance 
structure of this option needs 
further consideration. Several 
fundamental questions must be 
answered before the deliberate 
alteration of Earth’s radiation 
balance can be considered as a 
reliable option. 

The IPCC will therefore assess 
the risks, feasibility, mitigation 
potential, costs and governance 
requirements of geoengineering 
for the first time in its Fifth 


Assessment Report, due to be 
released in 2013-14. 
Meanwhile, the three IPCC 
working groups are coordinating 
a meeting of expert scientists 
from different disciplines 
as a platform for exchange 
and discussion. The aim is 
to encourage research into 
the implications of different 
geoengineering technologies, as 
well as to study their potential 
impact on biodiversity, human 
society and the climate system. 
Ottmar Edenhofer Potsdam 
Institute for Climate Impact 
Research, Germany. 
ottmar.edenhofer@ipcc-wg3.de 


An intellectual 
black hole 


News items on climate change 
are now regularly flooded with 
negative online comments (see, 
for example, go.nature.com/ 
Lfigec). These tend to have 
certain features in common. 

The comment writers 
struggle to find words that are 
emphatic enough to express their 
contempt for anthropogenic 
global warming and for the 97% 
or so of active climate scientists 
who accept its reality. They feel 
attacked, lied to and conspired 
against: they are intensely angry. 
Their comments are often 
pervaded by heavy sarcasm. In 
their view, climate scientists are 
not merely mistaken, but foes 
of truth and liberty. They see 
themselves as fighting a powerful 
enemy — a posture that can be 
addictive. 

These comment authors rarely 
engage with the original science 
(in the above example, an article 
in Geophysical Research Letters). 
They have unplugged from the 
scientific discourse because 
they believe it to be driven by 
crypto-environmentalist (or 
crypto-communist) ideology. 
This conviction characterizes 
fundamentalisms: a true believer 
does not need to engage, they 
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already know. The denialists 
charge that it is the scientists who 
refuse to consider the evidence; 
alternatively, scientists know 

all about it and are lying. The 
parallels with some creationist 
rhetoric are striking. 

Certain standard fallacies 
and counterfactuals are held by 
these commenters as irresistible 
‘gotchas’ — any one of which 
makes the idea of human- 
induced global warming 
absurd (and further thought 
unnecessary). For example, 

a popular line of argument 

is that because climate has 
changed in the past without 
human input, humans cannot 
be changing it now. Mistaken 
beliefs are held that scientists 
on the Intergovernmental Panel 
on Climate Change, climate 
modellers and other researchers 
ignore factors such as water 
vapour, urban heat islands and 
the Sun. 

The peculiar danger of 
any full-blown conspiracy 
theory is that it can become an 
intellectual black hole, a one- 
way trip. Hope lies mostly in 
keeping people out of the hole, 
rather than trying to rescue 
those who have fallen in. 

Larry Gilman Sharon, Vermont, 
USA. Igilman@myfairpoint.net 


Space telescope is 
worth the effort 


Your sensationalist headline “The 
telescope that ate astronomy’ 
could more appropriately 

have highlighted the promise 
of NASA’s James Webb 

Space Telescope (JWST) for 
astronomy’s future (Nature 467, 
1028-1030; 2010). 

No facilities exist on or off 
this planet — or are called for 
in the recent US decadal survey 
of astronomy and astrophysics 
— for finding the first galaxies 
or for detecting liquid water on 
habitable planets around other 
stars. These capabilities have 


been part of the JWST science 
plan since its inception. 

Such transformative science 
is why NASA, the European 
Space Agency and the 
Canadian Space Agency took 
on the challenge of building a 
telescope of comparable scale 
to the ground-based W. M. 
Keck telescopes or one of 
Europe’s Very Large Telescopes. 
This meant reducing the 
JWST’s mass by almost two 
orders of magnitude compared 
with a Keck telescope, cooling 
it to -313 °C and folding it to fit 
inside an Ariane 5 spacecraft 
for deployment 1.5 million 
kilometres from Earth. 

Building the JWST has 
required the manufacture of 18 
1.3-metre beryllium mirrors 
able to hold their shapes to 
better than 20 nanometres at 
cryogenic temperatures, and of 
a deployable gossamer sunshield 
the size of a tennis court. 

It was equally challenging 
to build the Hubble Space 
Telescope. But it was worth 
it: Hubble has revolutionized 
our understanding of the 
Universe, inspired generations 
of school children with its 
breathtaking images and 
supported a community of 
8,000 astronomers worldwide. 
Likewise, the efforts of today’s 
space scientists are creating a 
revolutionary telescope for the 
next generation of scientists 
and engineers. 

Matt Mountain, John Grunsfeld 
Space Telescope Science Institute, 
USA. mmountain@stsci.edu 
Heidi Hammel Space Science 
Institute, USA. 


CONTRIBUTIONS 

Readers are welcome 

to comment online on 
anything published in 
Nature: www.nature.com/ 
nature. Submissions to 
Correspondence may be 
sent to correspondence@ 
nature.com. 
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Raiding the sweet shop 


A type of sugar transporter has been discovered that exports glucose from cells. In plants, these transporters are targeted 
by disease-causing microbes that divert sugar production for their own use. SEE ARTICLE P.527 


NICHOLAS J. TALBOT 


weetening nectar, maintaining blood 
sugar levels and producing milk — these 


are just some of the many processes that 
require living cells to export sugar. It comes as 
a surprise, therefore, that until now the identity 
of the proteins responsible for sugar export has 
been unclear. On page 527 of this issue, Chen 
et al.' describe a family of sugar transporters, 
called SWEETs, that are essential for moving 
glucose between cells in both plants and ani- 
mals. The importance of these transporters is 
highlighted by the fact that they are selectively 
targeted by pathogenic fungi and bacteria that 
plunder sugar from living plants. 

Chen and colleagues’ discovery’ of SWEET 
transporters was aided by their use of a novel 
glucose nanosensor capable of measuring 
small changes in glucose concentration in 
living cells’. The authors first scanned a data- 
base of candidate membrane proteins from 
the model plant Arabidopsis to identify genes 
encoding potential sugar transporters. These 
genes were then expressed in cultured human 
embryonic kidney cells together with the 
nanosensor. Protein nanosensors work by a 
mechanism known as fluorescence resonance 
energy transfer (FRET), in which binding ofa 
ligand — in this case, glucose — causes a con- 
formational change in the protein that results 
in emission of fluorescence proportional to the 
amount of glucose present” *. 

Using this approach, as well as two inde- 
pendent methods, Chen et al. identified 
a candidate protein, ASWEET1, that can 
transport sugar across plasma membranes, 
or between internal cellular compartments 
of living cells, and that defines a new type of 
glucose-efflux transporter. SWEET proteins 
contain seven helices that potentially span the 
cell or internal cellular membrane and that are 
predicted from the authors’ modelling studies 
to form a single pore for transporting sugar 
across membranes. The authors find that the 
SWEET family is extensive in plants, with 
17 members in Arabidopsis and 21 predicted 
in rice. But they also find that it occurs in 
animals — seven members in nematode 
worms and one in humans. All of the SWEETs 
have similar glucose-transport characteristics, 
implying that they have widespread roles in 
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Figure 1 | Pathogen exploitation of plant SWEET genes. These genes, identified by Chen et al.’, are 
targeted by bacteria to divert glucose into the intercellular spaces where the microorganisms grow. a, A 
rice cell in an uninfected plant has a set of SWEET-encoding genes, including OsS WEET11, and steady- 
state SWEET protein activity results in a low concentration of glucose outside the cell. b, The invading 
bacterium Xanthomonas oryzae uses a TAL effector protein, PthXol1, delivered by the type III secretion 
system, to increase OsS WEET11 activity. Distinct SWEET-encoding genes are targeted by further TAL 


effectors, leading to increased extracellular glucose that fuels bacterial growth. 


sugar export in both animals and plants. 

What can we learn about intercellular 
sugar transport from the identification of 
the SWEET exporters? Several clues come 
from Chen and colleagues’ investigations of 
the expression patterns of SWEET-encoding 
genes in diverse organisms, and also from their 
study ofa range of previously reported mutant 
organisms whose characteristics turn out to be 
associated with genes now known to encode 
SWEET transporters. AtS WEET1, for instance, 
is highly expressed in Arabidopsis flowers, par- 
ticularly in petals and stamens, suggesting that 
it is involved in supplying sugar to nectaries. 
AtSWEETS is expressed in the tapetum — the 
nutritive layer of cells within the pollen sac that 
functions in pollen nutrition — and AtS WEET8 
mutants cause male sterility, consistent with a 
function in pollen-tube development. 

In animals, gene silencing of Ces WEET1 in 
the nematode worm Caenorhabditis elegans 
causes fat accumulation, which may be a con- 
sequence of the loss of glucose efflux from 
cells. In mice, the MmSWEET]I gene is highly 
expressed in the mammary gland during 
lactation, suggesting a function in glucose export 
to the cell’s Golgi apparatus for synthesis and 
secretion of lactose for milk production. And 
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in humans, the HSSWEETI transporter occurs 
predominantly within the Golgi, and is most 
abundantly found in the oviduct, epididymis and 
intestine — so raising the intriguing possibility 
of a hitherto unknown glucose-efflux pathway 
in which glucose is exported to the Golgi by a 
SWEET transporter to facilitate its secretion 
from epithelial cells to neighbouring tissue. 

Accessing sugar from a host organism is, of 
course, also key to the survival and reproduc- 
tion of microorganisms that need to invade 
and grow within living tissue’. Indeed, altering 
the expression and activity of SWEET efflux 
transporters would provide an elegant way of 
diverting glucose towards an invading patho- 
gen. Remarkably, this ability seems to have 
evolved not only in bacterial plant pathogens 
but also in fungi. For example, Chen et al.’ find 
that two plant-pathogenic fungi — the pow- 
dery mildew Golovinomyces cichoracearum 
and the grey mould Botrytis cinerea — induce 
the expression of distinct sets of SWEET genes 
during infection. How this is accomplished is 
unknown, but it may involve delivery of fungal 
effector proteins’ into plant cells to bring about 
changes in host gene expression. 

There is increasing evidence that fungi 
and other microbial pathogens can dispatch 


effector proteins into plant cells to cause 
changes in the cells’ behaviour®”. Bacterial 
pathogens use the specialized type III secre- 
tion system that sends proteins directly into 
plant-host cells**, providing evidence for 
effector-protein-driven modulation of SWEET 
activity (Fig. 1). In rice, the recessive gene xa13 
has been reported to confer resistance to the 
bacterium Xanthomonas oryzae’. It is now 
clear that xa13 originates from a mutation in 
the promoter sequence of the OsSWEET11 
transporter gene. Xanthomonas oryzae delivers 
a transcriptional-activator-like (TAL) effector 
protein, PthXol, into rice cells, where it is taken 
up by the nucleus and targets the OsSWEET11 
promoter’. Mutation of the promoter there- 
fore prevents the pathogen-induced increase 
in OsSWEET11 expression. Thus, resistance 
to a bacterium develops because its ability to 
acquire sugar from the host plant is blocked. 
Interestingly, a second glucose-efflux 
transporter gene, OsSSWEET 14, is activated 
by another X. oryzae TAL effector, AvrXa7, 
indicating that SWEETs are perhaps common 


COSMOLOGY 


targets of bacterial effectors. This possibility is 
supported by Chen and colleagues’ finding’ that 
the bacterium Pseudomonas syringae pv. tomato 
induces expression of seven SWEET genes 
during infection of Arabidopsis. Pathogenic 
microorganisms are therefore able to manipu- 
late the expression of sugar transporters and 
to divert the flow of glucose into the spaces 
between plant cells where the microorganisms 
can rapidly grow and reproduce. This ability 
may be pivotal to disease induction by microbes 
that proliferate in living host tissue. 

The discovery of SWEETs opens up possi- 
bilities for studying the diverse roles of sugar 
transport in multicellular organisms, includ- 
ing the way in which glucose is moved from 
absorptive tissue to neighbouring cells in ani- 
mals and its role in physiological processes 
such as lactation and control of blood glucose 
levels. In plants, the identification of SWEETs 
is likely to result in a far deeper knowledge of 
sink-source relationships in plant tissues, as 
well as providing insight into the biology of 
floral function and sexual reproduction. 


Geometry of the 


Universe 


Aneat way of measuring the geometry of the Universe offers a new test of the 
standard cosmological model. It probes, among other things, the elusive dark 
energy thought to be driving the Universe’s expansion. SEE LETTER P.539 


ALAN HEAVENS 


wenty years ago, most cosmologists 

thought the Universe was dominated 

by a large amount of dark matter, and 
the idea of dark energy was no more than a 
curiosity. Now, as a result of exquisite obser- 
vations of the radiation left over from the Big 
Bang, the large-scale structure of galaxies and 
distant supernovae, all that has changed: we 
have a generally accepted ‘standard cosmologi- 
cal model; in which 23% of the energy density 
of the Universe is in the form of dark matter, 
73% in dark energy, and only 4% in the form 
of the ordinary matter that we know on Earth. 
On page 539 of this issue, Marinoni and Buzzi’ 
describe a new technique for testing the cosmo- 
logical model that is completely independent 
of previous methods. 

To say the finding that dark energy contrib- 
utes about three-quarters of the total energy 
density of the Universe was unexpected 
would be an understatement. Gravity slows 
the expansion of the Universe, and yet the 
Universe isn’t playing ball — its expan- 
sion rate is actually accelerating, and this 


requires a component of the Universe with a 
repulsive gravity, a role thought to be played 
by dark energy. Not surprisingly, many 
cosmologists regard determining the nature 
of dark energy and dark matter as the most 
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Finally, understanding how pathogen effec- 
tor proteins manipulate SWEET activity, and 
perhaps drive other forms of metabolic repro- 
gramming in their hosts, may provide an 
exciting avenue for developing disease-control 
strategies. m 


Nicholas J. Talbot is at the School of Biosciences, 
University of Exeter, Exeter EX4 4QD, UK. 
e-mail: n.j.talbot@exeter.ac.uk 
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important scientific question of the decade. 

Our picture of the Universe involves putting 
together a number of pieces of evidence, so it is 
appealing to hear of Marinoni and Buzzi’ novel 
technique’ for testing the cosmological model, 
not least because it provides a very direct and 
simple measurement of the geometry of the 
Universe. One of Einstein’s most remarkable 
insights was that the geometry of the Uni- 
verse depends on its contents. So we can use 
geometrical measurements to determine the 
amounts of dark matter and dark energy, and 
the nature of the latter. 

The general idea of Marinoni and Buzzi's 
technique goes back to Alcock and Paczynski’ 
and, curiously, exploits the fact that we cannot 
directly measure distances in cosmology — 
there is no prospect of placing rulers between 
us and a distant galaxy. Instead, we rely on 


Figure 1 | The principle of Marinoni and Buzzi’s cosmological technique’. a, If the correct geometry 
and contents of the Universe are assumed, then the orientation of galaxy pairs should appear to be 
random. b, If not, then the pair orientations will show a preference for certain directions. (For clarity, the 
complications arising from the orbital speeds of the galaxies are not shown.) 
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Hubble's law, which states that the speed of 
recession of galaxies is proportional to dis- 
tance. The speed can be measured using the 
Doppler effect, which shifts the galaxy light 
to the red end of the electromagnetic spec- 
trum, hence the use of the term redshift in 
astronomy to describe how far away a galaxy 
is. For large distances, the argument is modi- 
fied, but higher redshift still indicates greater 
distance. The bottom line is that the way that 
redshifts and angles on the sky (both of which 
are directly observable) translate to positions 
(which are not) depends on the geometry of 
the Universe. 

So imagine we have a distant object that 
is completely spherical and expanding along 
with the rest of the Universe. By measuring the 
redshifts of different points on the surface of 
the sphere, one can map out the shape of the 
object, using the formula for changing red- 
shifts and angles to positions. If we assume the 
correct contents and geometry of the Universe 
in the formula, the object will indeed appear 
to be spherical, but if we do not, the sphere 
will appear to be distorted. This is the essence 
of Alcock and Paczynski’s idea. The key, of 
course, is to find spherical expanding objects, 
which unfortunately do not exist. However, 
one can be more subtle, and use something 
less tangible. 

Marinoni and Buzzi’ use the distribution 
of orientations of galaxy pairs in orbit around 
each other in binary systems. We expect the 
orientations to be completely random, with 
all orientations being equally likely — that 
is, the distribution of pairs is spherically 
symmetric. Only if we choose the correct 
contents and geometry (that is, the cosmologi- 
cal model that truly represents the Universe) 
in the calculation of the pairs’ orientation, will 
the orientations appear to be evenly distributed 
(Fig. 1). So the authors’ vary parameters that 
quantify the contents and the geometry until 
they find the values that best fit a random 
distribution. 

This exercise needs to be done for very dis- 
tant galaxies, several billion light years away, 
because the effects of different geometries are 
only substantial on very large scales. The main 
complication is that a galaxy’s redshift, which 
enters the calculation of the orientations, has 
two components: a cosmological component 
arising from the expansion of the Universe 
and an additional Doppler component from 
the speed of the galaxy in orbit. This addi- 
tional component distorts the distribution of 
angles, but in a known way that depends on 
the distribution of orbital speeds. Marinoni 
and Buzzi measure this distribution from 
nearby galaxies, and use it to analyse pairs of 
galaxies at high redshift in the DEEP2 galaxy 
redshift survey’. 

The authors’ find consistency with the 
standard cosmological model, with its flat 
geometry, and show that the dark energy is 
consistent with being a vacuum energy, which 
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can be represented by Einstein’s famous 
cosmological constant. How might their 
technique fail? Clearly, we have to be certain 
that different pair orientations are detected 
with equal probability and that the orbital 
speeds are independent of orientation, as the 
authors’ method assumes. The distribution 
of orbital velocities of the pairs also needs to 
be known, and this is perhaps the point one 
might worry about most. This distribution can 
be investigated in the local Universe, but the 
distribution is then assumed to be the same at 
high redshift. Because of the finite light travel 
time, the distant galaxies of the DEEP2 survey 


PALAEOANTHROPOLOGY 


are being seen as they were when the Universe 
was about half its present age, and galaxy- 
pair properties could have changed over that 
period. Nevertheless, Marinoni and Buzzi’s 
study offers a novel and imaginative idea. = 
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Early Homo sapiens 


in China 


The timing of the dispersal of our species from Africa is a continuing and lively 
topic of debate. Evidence that modern humans existed in China more than 
100,000 years ago is both equivocal and thought -provoking. 


ROBIN DENNELL 


report by Liu et al., just published in 
Avene of the National Academy 

of Sciences’, describes modern-human 
remains from south China that are dated to 
more than 100,000 years ago. Most research- 
ers would agree that Homo sapiens originated 
in East Africa between about 190,000 and 
160,000 years ago’; that members of the spe- 
cies briefly entered the Levant some 100,000- 
60,000 years ago’ (when they were displaced by 


Neanderthals); but that they did not disperse 
across southern Asia and to Australia until 
50,000-60,000 years ago”. The new Chinese 
find implies that they could have left Africa up 
to 50,000 years earlier — how likely is this? 
First, the discovery itself. The remains come 
from Zhirendong (“Homo sapiens cave’), which 
is a small cave in Guizhou Province. It was 
first filled with sediments, the bottom parts 
of which were eroded by water and replaced 
by younger deposits, leaving the older sedi- 
ments as a remnant hanging from the cave 


Late Pleistocene modern humans with gracile mandibles 
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Figure 1 | Two interpretations of the Zhirendong mandible described by Liu and colleagues’. a, The 
mandibles and face of Homo erectus became increasingly gracile by the time of the Zhirendong specimen, 
around 100,000 years ago, and acquired ‘modern’ features. Modern humans of African origin arrived 
later, perhaps 60,000-40,000 years ago. b, The view favoured by Liu et al. — modern humans, of African 
origin and with gracile features, arrived in south China about 100,000 years ago, and interbred with 

the indigenous population. Distinguishing between these options is difficult because of the lack of late 
Middle Pleistocene mandibular specimens from China, and the absence of skeletal evidence for the 
Homo lineage between south China and East Africa between 40,000 and 100,000 years ago. Numbers are 
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roof. The younger sediments are capped by 
several flowstones — calcite deposits produced 
inside caves by the action of water — that occur 
immediately below this remnant and have been 
dated by the uranium-series (°Th) method 
to between about 28,000 and 108,000 years 
ago. The flowstones are in stratigraphic order, 
with the oldest at the bottom. Because they are 
continuous across the floor of the cave, they 
also prevented younger material from being 
introduced into the underlying deposits. 

The human fossils were found below 
the oldest flowstone, and so they are about 
100,000-113,000 years old, and possibly 
older. The associated faunal remains (of 
21 large mammal species and 34 small ones) 
include some species now extinct in the 
region, such as the orang-utan (Pongo) and 
giant tapir (Megatapirus). Overall, 25% of the 
large mammals are extinct, and a late Middle 
Pleistocene age of the fauna is therefore con- 
sistent with the stratigraphic dating. The age 
and context of the human remains therefore 
seem sound. 

Those remains consist of the front part of 
a mandible (lower jaw) and two molar teeth. 
The latter are small, and would be considered 
as modern in a Late Pleistocene west Eurasian 
(post-Neanderthal) sample, but there are insuf- 
ficient east Asian specimens to show that they 
are unequivocally modern. Here, the mandible 
is the key piece of evidence. As described by 
Liu et al.', this possesses characteristics seen 
in both early modern humans and late archaic 
ones; in China, these are referred to as either 
‘archaic Homo sapiens or ‘late Homo erectus. 
Modern aspects of the mandible include a 
feature called the anterior symphysis; archaic 
aspects are the lingual symphysis, and the 
mandible’s overall robustness compared with 
the gracile (lighter) build of younger, modern- 
human ones. 

The authors’ interpret these characteristics 
as indicating that modern humans arrived in 
south China more than 100,000 years ago, and 
then interbred with the indigenous population. 
As they point out, this is incompatible with a 
scenario whereby an immigrant African popu- 
lation of modern humans totally replaced the 
local population, with no interbreeding. 

Is it likely that modern humans entered 
China as early as 100,000 years ago? Most 
researchers would disagree: the earliest 
unequivocal evidence for modern humans 
from southeast Asia is a cranium from Niah 
Cave, Borneo, dated to around 40,000 years 
ago’, and the colonization of Australia by 
H. sapiens probably occurred no earlier than 
50,000-60,000 years ago’. Various estimates 
based on genetic analyses of modern popula- 
tions suggest that H. sapiens first entered south 
Asia some 50,000-60,000 years ago’. 

However, an earlier exit is not impossible. 
We need to remember that there is no skel- 
etal evidence for the Homo lineage between 
Borneo and East Africa over the time span 


40,000-100,000 years ago, and so it is a major 
assumption that modern humans were absent 
from southern Asia at this time. On palaeo- 
climatic grounds (as well as proximity to East 
Africa), it seems unlikely that modern humans 
entered the Levant in the last interglacial, 
some 125,000-110,000 years ago, but not the 
Arabian Peninsula. Once in eastern Arabia, 
there would have been few barriers to their 
dispersal eastwards into India. 

Recent evidence’ from India indicates that, 
before 74,000 years ago (the age of the Toba 
eruption in Sumatra, Indonesia, ash from 
which forms a major marker horizon across 
India), stone-core-flaking techniques were 
similar to those from East Africa, and this 
implies that modern humans may already 
have been in India then. Some genetic analy- 
ses also suggest that modern humans were in 
south Asia before the Toba eruption’. Modern 
humans may therefore have entered southeast 
Asia earlier than currently thought. 

All this is speculation until the requisite 
fossil evidence is found. However, one note 
of caution is necessary about the Zhirendong 
remains. Although there are several Chinese 
mandible specimens from the early part of 
the Middle Pleistocene, particularly from the 
Zhoukoudian locality, there are none from the 
later Middle Pleistocene. Because of this gap, 
we do not know how gracile the mandibles of 
H. erectus became in China between 300,000 
and 150,000 years ago. 
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Does the Zhirendong specimen indicate an 
early immigrant population of H. sapiens that 
became more robust by interbreeding with 
the local population; or (more parsimoni- 
ously) does it simply indicate a late H. erectus 
population that became more gracile over time 
(Fig. 1)? If Liu et al.’ are correct, we would 
expect to discover specimens of H. sapiens 
from south Asia and Arabia that are at least as 
old as the Zhirendong fossil. But if that fossil 
represents a late and increasingly gracile 
example of H. erectus, we would not. 

Clearly, more fossils are needed. Meanwhile, 
this discovery allows tests of the hypothesis 
that our species left Africa much earlier than 
currently thought. m 
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Import and nuclear size 


The size of a cell’s nucleus is usually proportional to the size of the cell itself. How 
are the two linked? The answer lies, at least in part, in the import of one or more 


cytoplasmic cargoes into the nucleus. 


ORNA COHEN-FIX 


in cell biology that is almost entirely 

unresolved, but what determines the size of 
a cell or of an organelle is one such question’. 
Does the cell use a ‘molecular ruler’ to directly 
assess the size of its compartments, or does 
it usea surrogate, such as protein concen- 
tration, to determine how big its structures 
are? Reporting in Cell, Levy and Heald’ 
provide evidence that at least partly answers 
these questions in regard to the size of the 
cell nucleus. 

Regulation of nuclear size is perhaps one 
of the most striking, and enigmatic, examples 
of organelle-size control, because it is tightly 
linked to cell size*. Indeed, there is a constant 
ratio between nuclear and cell volumes (the 
N/C volume ratio), and deviations from it are 


| t is rare to come across a basic question 


associated with disease’. But how is this ratio 
regulated? To address this question, researchers 
have attempted” to perturb the N/C volume 
ratio in yeast, but to no avail: neither nuclear- 
DNA content, nor varied growth conditions, 
nor drug treatments, could alter the ratio. 

Another question is what aspect of cell 
volume affects nuclear size: is it the cell’s entire 
volume; the volume of only the cytoplasm; or 
perhaps that of another organelle? In multi- 
nucleated fission yeast, the size of each nucleus 
is proportional to its surrounding cytoplasm’, 
but how the cytoplasm affects nuclear size, if 
at all, has remained unknown. 

Levy and Heald’ study regulation of nuclear 
size in two related frog species — Xenopus laevis 
and Xenopus tropicalis — that differ in both 
body size and the number of chromosome 
copies per cell (ploidy). Xenopus laevis is 
larger and its cells are tetraploid, whereas 
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X. tropicalis is smaller and its cells are diploid. 
The two species also differ in another aspect: 
the cells and nuclei of X. Iaevis are larger. 

An advantage of Xenopus as an experimental 
model is that its nuclei can be assembled in a 
test tube using the chromatin (DNA-protein 
complexes) and extracts of its egg cytoplasm. 
This allowed Levy and Heald’ to ask, what 
is the main determinant of nuclear size in 
Xenopus: the DNA or a cytoplasmic factor? 

The authors added sperm chromatin 
from either X. laevis or X. tropicalis to egg 
extracts from either X. laevis or X. tropica- 
lis (Fig. 1a). They found that, although both 
extracts can trigger assembly of the nuclear 
envelope around the chromatin, the X. laevis 
extract forms larger nuclei than the X. tropi- 
calis extract, regardless of the DNA used. This 
indicates that one or more cytoplasmic factors 
determine nuclear size. 

A hint of the underlying difference between 
the extracts from the two frog species came 
from the authors’ analyses of nuclear import — 
the process by which proteins are transported 
into the nucleus’. Both the rate of nuclear 
import and the maximum size of the imported 
cargo were greater in the nuclei reconsti- 
tuted with X. laevis extracts. The capacity for 
nuclear import therefore might be a regulator 
of nuclear size. 

The two extracts differed in two proteins 
that mediate nuclear import — importin-a 
and Ntf2. In X. laevis extracts, the levels of 
importin-a were higher and those of Ntf2 
lower than in X. tropicalis extracts. Indeed, 
when Levy and Heald added active (phospho- 
rylated) importin-a to X. tropicalis extracts 
they observed an increase in nuclear size. 
The role of Ntf2 in regulating nuclear size is 
less straightforward. Nonetheless, X. tropi- 
calis extracts supplemented with both active 
importin-a and an inhibitor of Ntf2 activity 
form nuclei that are similar in size to those 
formed in X. laevis extracts” (Fig. 1b). 

That nuclear import affects nuclear size is 
perhaps not surprising, as a previous paper® 
showed that, in the absence of import, the 
nuclear envelope — which forms around the 
chromosomes at the end of mitotic cell divi- 
sion — fails to expand. But in showing that, 
at least in vitro, import is a limiting factor for 
nuclear growth, Levy and Heald’s report pro- 
vides a specific step that could be targeted for 
regulating nuclear size in vivo. 

Which of the cargoes carried by importin-a 
are crucial for controlling nuclear size? From 
an engineering standpoint, enlarging a struc- 
ture could require an extension of its under- 
lying framework. Whether the nucleus has 
an internal framework — the ‘nuclear matrix’ 
— is debatable, but there is no doubt that the 
nuclear lamina serves as a framework sup- 
porting the nuclear envelope. Indeed, Levy 
and Heald found that the addition of lamin 
B3, a component of the nuclear lamina, to 
X. tropicalis extracts resulted in increased 
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Figure 1 | The cytoplasm regulates nuclear size. a, 
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To examine factors affecting nuclear size, Levy and 


Heald’ mixed sperm chromatin from either Xenopus laevis (X.1.) or X. tropicalis (X.t.) with cytoplasmic 
extracts from the eggs of either X. laevis or X. tropicalis. They find that, regardless of the chromatin used, 
X. laevis extracts promote formation of large nuclei, whereas X. tropicalis extracts promote formation of 
smaller nuclei. (The drawings of X. laevis and X. tropicalis are to scale). b, Two proteins, importin-a and 
Ntf2, account for the differences between the X. laevis and X. tropicalis extracts: addition of importin-a 
and inhibition of Ntf2 activity in X. tropicalis extracts lead to formation of larger nuclei. 


nuclear size. Thus, nuclear import may regu- 
late nuclear size through controlling the 
availability of nuclear-lamina components. 

Neither yeast nor plants have lamins, which 
raises the question of how general is regula- 
tion of nuclear size by lamin import. Whether 
nuclear import itself affects nuclear size in 
yeast is unresolved*’, although at least one 
study* found that a prolonged inhibition of 
nuclear export increases nuclear volume by 
50%. It could be, therefore, that nuclear size 
in yeast and plants also depends on nuclear 
import, not of lamin but of some other cargo. 

The cell-free system Levy and Heald describe 
is remarkably useful for identifying proteins 
and processes that affect nuclear size. The next 
step will be to determine how such processes 
affect nuclear size within the cell, and whether 
they contribute to the N/C volume ratio. 
Levy and Heald did address this question by 
injecting importin-a into developing X. laevis 
embryos. They observed a transient increase 
in nuclear size in early stages of development, 
but whether cell volume is affected in any way 
remains unknown. 

When considering the scaling of nuclear size 
with cell size, one must take into account the 
increase not only in volume, but also in surface 
area’. An influx of material through nuclear 
import could lead to physical stress that signals 
for an increase in the surface area of the nuclear 
envelope. Alternatively, because the nuclear 


membrane is continuous with that of another 
organelle, the endoplasmic reticulum, the cell 
might regulate nuclear size by controlling the 
amount of endoplasmic-reticulum membrane 
that is allocated to the nucleus. 

Nevertheless, geometry tells us that surface 
area increases at a slower rate than volume 
(surface area is a function of the radius 
squared, whereas volume is a function of the 
radius cubed). Intriguingly, a recent study’ on 
the scaling of transcription with cell size in 
yeast revealed that, whereas expression of most 
genes increases in proportion to the increase 
in cell size, the expression of genes encoding 
cell-surface proteins lags behind. How this 
size-sensing mechanism works isn't clear, but 
it would be interesting to examine whether the 
abundance of proteins associated with nuclear- 
envelope expansion is also ‘size-sensitive’. 

Levy and Heald’s results” uncover a process 
that affects nuclear size, providing a glimpse 
into a mechanism that may couple nuclear 
volume to cell volume. To fully understand the 
N/C volume ratio, researchers need biological 
tools — mutants and/or RNAi knockdowns — 
that perturb this ratio. So to anyone who thinks 
that all the interesting basic cell-biological 
questions have been answered, here is one that 
is still wide open. m 
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Peptides as biological 
semiconductors 


Asimple peptide that assembles into desirable nanoscale structures is a striking 
example of how the whole can be greater than the sum of its parts. What’s more, 
the assembly process is controllably reversible. 


CHARLOTTE A. E. HAUSER 
& SHUGUANG ZHANG 


ould a simple, short peptide made of 
naturally occurring amino acids form 
structures that have the optical and 
electronic properties of semiconductor nano- 
crystals? Reporting in the Journal of the Amer- 
ican Chemical Society, Gazit, Rosenman and 
colleagues’ describe a peptide formed from 
just two phenylalanine amino acids that does 
exactly that. This is a remarkable discovery, 
because although conductive organic poly- 
mers are well known (their discoverers won the 
2000 Nobel chemistry prize’), no one had 
envisaged that biological peptides could act 
as semiconductors. The reported dipeptide 
assemblies’ represent an intriguing, bioorganic 
class of ‘quantum dot nanomaterial. 
A quantum dot is a nanoscale, ordered 
structure whose excitons — energy-carrying 


Individual peptides 


Quantum dots 


quasiparticles associated with semiconductors 
and insulators — are confined in three 
spatial dimensions. This means that quantum 
dots have electronic properties intermediate 
between those of bulk materials and discrete 
molecules. They are being used in solar cells, 
light-emitting devices and as fluorescent 
labelling agents in the biomedical industry. 

Most quantum dots are made of inorganic 
semiconductors, often a single material such as 
silicon or germanium. Others are ‘core-shell’ 
structures, in which a semiconductor such as 
cadmium selenide (CdSe) or zinc sulphide 
(ZnS) is surrounded by another material. Such 
CdSe quantum dots have been particularly 
successful for a variety of applications, but the 
toxicity associated with cadmium is increas- 
ingly a concern. The search for cadmium-free 
quantum dots has therefore become a major 
area of research. 

The phenomenon that constrains excitons in 
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Figure 1 | Simple dipeptides are building blocks for quantum dots and nanotubes. a, Gazit, 
Rosenman and colleagues’ report that when they concentrated a solution of diphenylalanine peptides 

in methanol, the molecules self-assembled into quantum dots. Each quantum dot was composed of two 
diphenylalanines. b, When the authors changed the solvent from methanol to water, the peptides further 
self-assembled to form nanotubes, each containing millions of quantum dots. The nanotube assembly 
process was completely reversible — when the solvent was changed back to methanol, the nanotubes 


disassembled into individual quantum dots. 
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quantum dots is known as quantum confine- 
ment. A key feature of quantum confinement 
is that it occurs when the diameter ofa particle 
is about the same size as the wavelength of the 
particle’s electronic wavefunction. For objects 
made of materials that have highly ordered 
structures, this occurs at the nanoscale, inde- 
pendently of the material used. In other words, 
as long as there is quantum confinement, there 
is no reason that materials other than semi- 
conductors — including peptides — cannot 
form quantum dots. 

Enter Gazit, Rosenman and colleagues’. 
They observed that when a solution of 
diphenylalanine peptide in methanol is con- 
centrated, the peptide molecules self-assem- 
ble into nanocrystalline structures (Fig. 1). 
These assemblies have an average diameter of 
2.1 nanometres and consist of two diphenyl- 
alanine peptides, corresponding to a total of 
just four phenylalanine residues per assembly. 
The authors found that the peptide assemblies 
have the characteristic optical properties of 
quantum dots: on exciton formation, they emit 
light across a very narrow frequency range (that 
is, they have a narrow photoexcitation peak). 
But when the authors studied low-concentra- 
tion solutions of the dipeptide, which contain 
discrete dipeptide molecules rather than nano- 
crystalline assemblies, they observed a broad 
excitation peak. This suggests that individual 
dipeptide molecules are not quantum dots. 

The peptide quantum dots have an intrigu- 
ing property not found in inorganic quantum 
dots: when Gazit, Rosenman and colleagues 
changed the solvent in which the dipeptide 
nanostructures were dispersed from metha- 
nol to water, the structures underwent further 
self-assembly to form peptide nanotubes. The 
nanotube dispersion had near-identical opti- 
cal properties and X-ray diffraction patterns 
to those of the quantum-dot dispersion, thus 
proving that the quantum dots are the elemen- 
tary, quantum-confined building blocks of the 
nanotubes. 

Diphenylalanine-peptide nanotubes have 
been reported before. Their observed rigidity 
seems to be very high’, they are piezoelectric* 
(they generate charge under mechanical strain) 
and they have been used as scaffolds to fabricate 
silver nanowires’. Gazit and Rosenman’s groups 
have also previously observed quantum con- 
finement in peptide nanostructures’, and have 
demonstrated that diphenylalanine peptides 
can assemble to form quantum wells (struc- 
tures in which excitons are confined within 
two dimensions) that exhibit strong blue lumi- 
nescence’. But the present paper’ is the first to 
describe the elementary quantum-confined 
structures that underpin the earlier findings. 

What makes this result even more inter- 
esting is that the self-assembly of the peptide 
quantum dots into nanotubes is completely 
reversible — the nanotubes disassembled back 
to individual quantum dots when the authors 
changed the dispersion solvent from water to 


methanol’ (Fig. 1). One can thus modify the 
peptide architecture at will to fabricate either 
quantum dots or nanotubes. The synergistic 
effect of millions of quantum dots in a single 
nanotube might make them a promising 
material for new types of optical devices, such 
as light-emitting diodes and lasers. 

The optical and electronic properties of 
inorganic quantum dots can be fine-tuned by 
varying the size of the nanostructures. Could 
the properties of peptide quantum dots also 
be fine-tuned? The answer is probably yes. 
Because the size of peptide quantum dots is 
governed by the specific amino acids in the 
peptide, a large number and variety of natu- 
rally occurring and/or synthetically custom- 
ized amino acids could be used in countless 
combinations. In this way, it might one day 
be possible to tweak the size and properties of 
peptide quantum dots. Indeed, the authors’ 
have already shown that a dipeptide made 
froma phenylalanine and a tryptophan amino 
acid forms a quantum dot that has different 
optical and electronic properties from that of 
the diphenylalanine analogues. 

Peptide quantum dots represent arguably one 
of the simplest forms of quantum dot, but they 
also offer distinct advantages over other types. 
First, they are made of natural amino acids that 
are synthesized by plants and animals, so they 
shouldn't be too harmful to the environment. 
Their degradation products will also be harm- 
less natural amino acids. This is unlike most 
inorganic quantum dots, especially those made 
of heavy metals. Second, the preparation of 
dipeptide quantum dots requires the formation 
of a single peptide bond, which makes them 
cheap and easy to produce at very high purity. 
Finally, given the availability of a wide range of 
amino acids that have diverse properties, per- 
haps peptide quantum dots will be discovered 
that have properties not yet observed in other 
such materials. Nevertheless, much theoreti- 
cal work is needed to guide further develop- 
ment of peptide quantum dots. Let us hope that 
Gazit, Rosenman and colleagues’ findings will 
attract people from other disciplines to further 
advance this nascent field. 

Although nature has produced numerous 
wonderful peptides and proteins, if peptides 
had been proposed as potentially useful syn- 
thetic materials two decades ago, few people 
would have taken the idea seriously. But today, 
the use of peptide and protein materials is 
thriving in diverse areas that could never have 
been imagined. If quantum dots can be made 
from peptides, what other surprises might be 
in store? As Louis Pasteur best put it: “Chance 
favours the prepared mind.” Gazit, Rosenman 
and colleagues’ work' should help us to open 
our minds to be ready for more remarkable 
discoveries. m 
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Particles of light 


Bose-Einstein condensation, which demonstrates the wave nature of material 
particles, now offers further illumination of wave-particle duality: it has been 


observed in light itself. SEE LETTER P.545 


JAMES ANGLIN 


cc rt is the Tree of Life. Science is the 
A™ of Death’ So wrote the vision- 
ary English poet and artist William 
Blake’ in 1826, contrasting the limitless crea- 
tivity of art with the limiting rigidity of science. 
Blake understood the science of his day — well 
enough, for instance, to lump together “The 
Atoms of Democritus And Newton's Particles 
of Light”, and compare them both to sand’. 
In Blake’s time, both were conceived of as 
indivisible and indestructible, their motion 
governed by Newtonian mechanics. Nothing 
represented his harsh view of science better 
than the implication that, if light corpuscles 
could be neither created nor destroyed, then 
the Universe contained a fixed amount of light, 
which could never be increased (Fig. 1). On 
page 545 of this issue, Weitz and colleagues’ 
demonstrate that, even if that were true, the 
wave nature of light would still persist, through 
the Bose-Einstein condensation of photons. 
They also demonstrate the creativity that 
thrives within scientific rigour. 

Modern physics teaches that light has wave 
as well as particle properties. But one of the 
most basic differences between the wave and 
particle theories is rarely emphasized in text- 
books. Classical light waves are not conserved 
like the atoms of Democritus, but can easily 
be excited and absorbed. So, a lamp may run 
out of battery power, but it does not run out of 
light. In this respect, Newton's particle theory 
of light was as false as the caloric theory of 
heat, according to which heat was a conserved 
substance held in matter like water in a 
sponge. In fact, both heat and light are simply 
convertible forms of energy. And it was the 
thermodynamics of light that led Planck and 
Einstein to the quantum unification of wave 
and particle theories. 

Unlike classical particles, quantum par- 
ticles such as electrons and photons can in 


Figure 1 | The Ancient of Days painted by 
William Blake. “Nothing represented his harsh 
view of science better than the implication that, 
if light corpuscles could be neither created nor 
destroyed, then the Universe contained a fixed 
amount of light, which could never be increased.” 


general be created and destroyed, and so the 
issue of whether the amount of light is fixed 
is now separate from the discussion of wave 
and particle behaviour. A basic question there- 
fore seems natural: what would light be like if 
photons were, like atoms, wave-like but con- 
served? Weitz and colleagues* have answered 
this question experimentally. By confining 
light within the narrow slice of space between 
two barely separated mirrors, and filling this 
slab-like cavity with a dye material, they have 
achieved thermal equilibration of light as a 
gas of conserved particles, rather than ordi- 
nary black-body radiation. The critical step in 
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realizing such unusual thermalization is con- 
fining the light in one direction, so that every 
photon is forced to have a frequency at least as 
high as that of a standing wave. Because the 
separation between the mirrors is only a few 
micrometres, this minimum photon frequency 
is high — crucially, much higher than the 
frequency corresponding to the temperature 
of the dye. 

This large frequency difference makes the 
energy budget of the system resemble the 
finances ofa peculiar commercial firm that sells 
both skateboards and satellites. In the firm’s 
ledgers, the billions column and the millions 
column must always be balanced separately, 
because the total volume of the skateboard 
business never amounts to a single satellite. In 
the Weitz group's system of dye and light, the 
thermal energy and the energy of excitations 
at the standing-wave frequency are similarly 
each conserved separately, because their scale 
discrepancy prevents one from balancing the 
other. And this means that the number of 
photons between the mirrors changes as pho- 
tons are absorbed and re-emitted by the dye, 
but only in the same way that the number of 
atoms in a gas changes, locally, as the atoms 
drift around. In technical terms, the light in 
the Weitz group’s experiment reaches ther- 
mal equilibrium with a chemical potential as 
well as a temperature, just like gases cooled to 
nanokelvin temperatures in magnetic traps. 
The textbook example of what this can allow 
is Bose-Einstein condensation, which confers 
the properties of classical wave physics on a 
gas of conserved quantum particles below a 
critical temperature, and is intimately related 
to the phenomena of superfluidity and super- 
conductivity. The Weitz group has observed 
Bose-Einstein condensation of light, in 
remarkably close analogy to that of atoms. 

As well as being a landmark achievement 
in itself, making photons behave thermo- 
dynamically as atoms, even to the point of 
Bose-Einstein condensation, illustrates a 
broader theme in current physics. Atomic 
gases have been made to behaveas laser light’, 
and even as black holes’. The ‘holes’ left when 
electrons in graphene sheets are energetically 
displaced reproduce the behaviour of relativis- 
tic positrons®. Quantized spin-wave excitations 
in magnetic films have been made to behave as 
quantum gases’, and atomic gases have been 
made to behave as ferromagnets’. The dis- 
cernible trend is that everything is becoming 
everything else. Physics is the art of the inter- 
changeable. 

The purely scientific merit in this trend is 
that demonstrating the interchangeability 
of physical details clarifies the few universal 
patterns and principles that really are con- 
served — the atoms, as it were, not of mat- 
ter or of light, but of reality. In this sense, the 
reductionist progress of science proceeds at 
full tilt. But in the proliferation of startling 
masquerades, physical science is also taking 


518 | NATURE | VOL 468 | 25 NOVEMBER 


on more than ever the aspect of a creative art, 
ina medium that, with the advances of mod- 
ern technology, is proving far less constraining 
than it once seemed. Light is unlimited — or 
not, as we choose. Blake spoke too soon. = 
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Cellular seat belts 


Accurate cell division depends on proper attachment of chromosomes to the 
microtubule-based division apparatus. An impressive in vitro study shows how 
applied force plays a pivotal part in regulating such attachment. SEE LETTER P.576 


YUTA SHIMAMOTO & TARUN M. KAPOOR 


he main safety feature of seat belts is that 
if the vehicle jolts, an abrupt pull locks 
the belt, keeping the passenger in place. 
Cells also seem to carry a nanoscale version of 
seat belts: the kinetochores — macromolecular 
machines that consist of more than 50 differ- 
ent proteins and connect chromosomes to 
dynamic microtubules of the cell-division 
apparatus — keep the chromosomes from acci- 
dentally ending up in the wrong daughter cell 
(Akiyoshi et al.', page 576 of this issue). 
Stable propagation of genomes through 
mitotic cell division depends on the equal 
partitioning of replicated DNA, which is 
packaged into sister chromatids. Equal divi- 
sion depends on chromosome bi-orientation 
— that is, attachment of sister chromatids to 
microtubules that extend from opposite ends 
of the bipolar spindle (Fig. 1a). Failure of bi- 
orientation is common, but the improper 


attachments that emerge somehow get cor- 
rected’. Classic studies in grasshopper cells 
indicated’ that differences in physical forces 
acting on a chromosome could be crucial for 
distinguishing between correct and incorrect 
attachments. But how force-based regulation 
may work has remained largely mysterious. 
A major barrier to progress has been the 
biochemical complexity of the kinetochores* 
and, therefore, the tremendous difficulty in 
isolating them in a functional form. 

Enter Akiyoshi and co-workers’. The 
authors tagged different kinetochore proteins 
and developed conditions to isolate functional 
kinetochores from dividing yeast cells. Bud- 
ding yeast is an ideal model system for such 
studies: not only can it be easily manipulated 
genetically, but also its kinetochore binds 
only one microtubule — unlike a human 
kinetochore, which can bind more than 20 
microtubules. Nonetheless, the kinetochore 
architecture is essentially conserved across 


Optical trap 
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Figure 1 | Tension and chromosome-attachment state. a, Spindle microtubules (green) capture sister 
chromatids (blue) through kinetochores (pink). Tension across bi-oriented chromosomes is higher 
than across improperly attached chromosomes (dashed boxes). b, To investigate how force affects 
chromosome-microtubule attachment, Akiyoshi et al.' isolate minimal kinetochores, attach them to 

a bead and pull the bead with optical tweezers. They find that the reconstituted kinetochores attach to 
microtubules in vitro and that high tensile force enhances the lifetime of the attachment. 
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eukaryotes (organisms with nucleated cells), 
with microtubule-binding capacity increasing 
largely as a result of juxtaposing multiple cop- 
ies of the core unit of the yeast kinetochore’. 

A key feature of kinetochores in vivo is that 
they can remain attached to the ends of dis- 
assembling microtubules. The kinetochores 
Akiyoshi and colleagues isolate can also do 
this. What’s more, although many of the typical 
structural proteins are present in the isolated 
kinetochores, key proteins — such as the 
enzyme Aurora kinase° — that regulate chro- 
mosome attachment to the mitotic spindle are 
absent. These ‘minimal’ kinetochores therefore 
allow tests of how forces might regulate micro- 
tubule binding, independently of any potential 
regulation through protein phosphorylation. 

Akiyoshi et al. attach the minimal kineto- 
chores to a bead that they can manipulate with 
optical tweezers’ (Fig. 1b). A bead ‘trapped’ 
by optical tweezers behaves as if it is attached 
to a mechanical spring, such that a force 
restoring its position is proportional to the 
change in displacement. The authors examine 
interactions of the kinetochores with polym- 
erizing and depolymerizing microtubules 
under different forces. This in vitro experi- 
ment recapitulates the pulling force that a 
kinetochore of a bi-oriented chromosome 
experiences within a cell. 

It is reasonable to expect that the lifetime 
of the attachment between any two interact- 
ing partners, such as a ligand and its receptor, 
decreases as an applied force increases; this is 
because the mechanical work helps to over- 
come the detachment energy barrier®. Remark- 
ably, however, Akiyoshi et al. reveal that force 
— in the range relevant to physiological forces 
that act on chromosomes — increases the 
lifetime of kinetochore-microtubule attach- 
ment twofold. The authors’ further analysis 
reveals that the kinetochore-microtubule 
attachment behaves like a ‘catch bond’ — 
similar to a seat belt that locks in place when 
pulled abruptly’. 

A catch bond can be modelled as a sys- 
tem with both a strongly bound state and a 
weakly bound state; force favours the strongly 
bound state. The minimal kinetochores 
are weakly bound to microtubules that are 
disassembling, and strongly bound to grow- 
ing microtubules. Notably, applied force 
suppresses microtubule disassembly and can 
therefore favour the strongly bound state. 
On the basis of direct measurements and 
simple assumptions, Akiyoshi et al. develop a 
quantitative catch-bond model that accounts 
for the observed kinetochore-microtubule- 
attachment behaviour. 

The catch-bond mechanism may be consid- 
ered as a mechanical extension of biochemical 
allosteric regulation. Force can be considered 
to be the equivalent of a molecule binding a 
protein's regulatory site and inducing a con- 
formational change that modulates activity. 
Evidence from other cellular components 


with catch-bond behaviour, such as the 
bacterial adhesion protein FimH, is consistent 
with this idea”. In the case of the kinetochore- 
microtubule interaction, it is possible that force 
directly induces a conformational change in 
microtubule tips’. The strongly bound state 
could involve kinetochore interactions with 
microtubule protofilaments that are relatively 
straight, as seen in growing microtubules in 
vitro’’. The weakly bound state could have 
protofilaments splaying outwards, as seen in 
disassembling filaments”. 

Examining the structure of the minimal 
kinetochores and how they bind different 
microtubule-tip structures are essential next 
steps. Combining these structural studies 
with mutagenesis analysis should allow the 
design of experiments to test the catch-bond 
mechanism in dividing cells. Aurora kinases, 
or other proteins that correct errors in chro- 
mosome-spindle attachments, could have a 
role in fine-tuning the catch-bond mechanism. 
Experiments with purified kinetochores will 
also no doubt be useful in dissecting the inter- 
play between these chemical and mechanical 
regulatory mechanisms. 

In vitro studies of isolated kinetochores 
might help to settle another outstanding ques- 
tion regarding the regulation of chromosome 
segregation. If chromosomes are improperly 
attached to the spindle, a signalling network 
called the spindle-assembly checkpoint blocks 
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mitotic cell division before its anaphase step. It 
is unclear whether the spindle-assembly check- 
point directly responds to force (or tension)”. 
As the purified kinetochores contain proteins 
required for the spindle-assembly checkpoint, 
these kinetochores can be used to investi- 
gate whether the recruitment of checkpoint 
proteins — an early step in the signalling — is 
sensitive to force. Keep your seat belts fastened 
for the next phase of this exciting journey. m 
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The blind spot of p53 


It is hoped that reactivating the tumour-suppressor protein p53 will help to 
combat cancer. However, fresh evidence suggests it is unlikely that all cells 
in a tumour will respond to such treatment. SEE LETTERS P.567 & P.572 


ANTON BERNS 


he tumour suppressor that is most 

frequently mutated in human cancers 

is p53. Reactivation of this protein in 
tumours, which induces programmed cell 
death or cell-cycle arrest, is therefore an appeal- 
ing therapeutic strategy. In this issue, however, 
Feldser et al.' and Junttila et al.” report work in 
mouse models of cancer showing that restor- 
ing p53 activity affects only advanced tumours, 
leaving untouched early lesions that are likely 
to one day become cancerous. 

Earlier work’ suggested that restoring p53 
function in several independent oncogene- 
driven mouse tumours elicits a potent anti- 
tumour response. The outcome was either 
programmed tumour-cell death by the pro- 
cess of apoptosis, or tumour-cell senescence. 
In fact, in two of the three animal models*”, 
even temporary p53 reactivation led to 


prolonged survival. These data enhanced the 
appeal of p53 reactivation as a means of 
treating cancer. 

Feldser et al. (page 572) and Junttila et al. 
(page 567) add a new twist to these observa- 
tions. Both groups used variants of a mouse 
model of non-small-cell lung cancer (NSCLC) 
characterized by sporadic expression of a 
mutant Kras oncogene; this model closely 
resembles human NSCLC. Sporadic expres- 
sion of physiological levels of mutant Kras 
in mice causes lung tumours that progress 
through different stages — from hyperplasia to 
adenoma to carcinoma. The advanced stages of 
the disease are marked by increased signalling 
flux through the RAS-MAPK pathway (the 
pathway in which Kras functions), probably 
due to additional alterations in this pathway. 
If sporadic tumour lesions associated with 
Kras mutations are also p53 deficient, they 
progress faster and become more malignant. 
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The authors’” set out to determine what would 
happen if p53 function were restored in these 
tumours. 

Junttila and colleagues” used a variant of the 
mouse model in which the mutant Kras can be 
switched on by inhalation of an agent called 
AdenoCre. The p53 gene in these animals was 
replaced with a version that is inactive but can 
regain functionality on administration of the 
drug tamoxifen. The authors thus initiated 
tumorigenesis by AdenoCre exposure and then 
activated p53 functionality with tamoxifen. 
Feldser et al.’ used a mouse model that ran- 
domly activates Kras at low frequency by the 
process of spontaneous recombination. Their 
animals could also be treated with tamoxifen 
to restore p53 functionality. The differences 
in the mouse models resulted in small differ- 
ences in some of the measurements between 
the two studies, but the overall conclusions are 
fully congruent. 

In contrast to the earlier studies**, both 
teams found that, after induction of NSCLC 
by physiological levels of mutant Kras, tumour 
regression in response to p53 activation was 
hardly detectable or, at best, very modest. In 
both systems, in fact, only the more advanced 
adenocarcinoma lesions responded to induced 
p53 activity — by either cell-cycle arrest or a 
combination of cell-cycle arrest and apoptosis 
— whereas the less advanced lesions remained 
unaffected (Fig. 1). 

Ata molecular level, cells in the more malig- 
nant lesions showed enhanced signalling flux 
through the RAS-MAPK pathway, owing to 
amplification of the mutant Kras, loss of the 
normal Kras allele (gene copy) or other altera- 
tions affecting this pathway. Intriguingly, the 
high signalling flux was associated with high 
levels of another tumour-suppressor protein, 
p19*", which acts upstream of p53. The less 
advanced lesions did not have increased p19“ 
levels, suggesting that enhanced activity of 
this protein is required to trigger the tumour- 
suppressive function of p53. Neither paper 
reports evidence of DNA damage in either the 
early or the advanced lesions: in this NSCLC 
model, therefore, DNA-damage response 
does not seem to play a significant part in 
activating p53. 

These observations have important implica- 
tions for understanding not just the ‘surveil- 
lance’ function of p53, but also the usefulness 
of restoring this tumour suppressor’s func- 
tion as a therapeutic strategy. p53 does not 
affect early cancerous lesions that have a low 
oncogenic flux and retain low levels of p 19“%, 
indeed, only after plot levels increase does 
p53 spring into action. This could be because 
organisms do not distinguish between 
normal pathway activation and moderate 
oncogenic signals: reacting to the latter would 
also compromise normal cell proliferation, 
which is essential for tissue maintenance, as 
well as tissue restoration after injury. 

What do these findings” mean for human 
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Figure 1 | Prerequisites for p53 activation. It is thought that a minimal level (threshold level) of 
oncogenic stress and/or DNA damage activates p53. Feldser et al.' and Junttila et al.” studied mouse 
models of non-small-cell lung cancer (NSCLC) characterized by oncogenic mutation of Kras to 
investigate what happens in the absence of p53. They find that, without p53, tumours could progress 
even if the oncogenic stress level increased above threshold level and the tumour-suppressor protein 
p19“ was activated. When the authors restored p53 function with tamoxifen, tumour cells with an 
increased oncogenic flux were either arrested or killed. Less advanced lesions were unaffected, however, 
probably because their oncogenic flux remained below the threshold level. The authors did not detect 
DNA-damage response, indicating that, at least in their models, it does not contribute to p53 activation. 


cancers and their treatment? There is no 
reason to be discouraged by them. By the time 
they are diagnosed, human tumours are usu- 
ally much more advanced and so will more 
resemble the tumours described in the earlier 
papers* ° — those with a high oncogenic flux. 
Although advanced tumours might still con- 
tain cells with a low oncogenic flux from the 
earlier lesions, such cells probably constitute 
only a small fraction. Restoring p53 activity 
should, therefore, have a considerable effect 
on human tumours. 

Nevertheless, Feldser and colleagues and 
Junttila and co-workers observe that cells with 
‘early-lesion features are still present in the 
animals, even after p53 reactivation. Lesions 
containing such cells are obviously prone to 
progress to more advanced stages of cancer. 
Moreover, the two teams show that, at least 
in their NSCLC models, the DNA-damage- 
response pathway does not have a sizeable role 
in inducing p53’s anti-tumour activity — an 
observation that was also highlighted in a pre- 
vious investigation of another cancer model’. 
The idea that the DNA-damage-response 
pathway does not contribute to p53’s tumour 
surveillance function is counterintuitive and 
warrants further research. 

The studies’* do demonstrate that onco- 
genic flux is the main trigger for effective p53 
action. In view of the crucial role of p19*” in 
this response — which might be more promi- 
nent than the role of its related human protein 
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p14*** — the NSCLC models seem particularly 
suitable for addressing the question of whether 
p53 responds to signals other than those 
from either the oncogene stress pathway, as 
governed by p19“", or DNA damage. 

Previous studies’ have pointed to p53 
and p19*” having independent functions in 
tumour surveillance. A careful comparison 
of the loss of function of either p19“ or both 
p19“ and p53, with subsequent reactivation 
of p53, in these NSCLC models might help to 
further clarify the p19“”-independent tumour- 
suppressor roles of p53. This might also pro- 
vide clues about how to selectively trigger p53 
activity in the many human tumours in which 
the INK4AB/p14*™ tumour-suppressor genes 
are either deleted or silenced. m 
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Direct conversion of human fibroblasts to 
multilineage blood progenitors 


Eva Szabo!, Shravanti Rampalli!, Ruth M. Risuefio!, Angelique Schnerch!?, Ryan Mitchel 


Marilyne Levadoux-Martin! & Mickie Bhatia’? 


I'?, Aline Fiebig-Comyn', 


As is the case for embryo-derived stem cells, application of reprogrammed human induced pluripotent stem cells is 
limited by our understanding of lineage specification. Here we demonstrate the ability to generate progenitors and 
mature cells of the haematopoietic fate directly from human dermal fibroblasts without establishing pluripotency. 
Ectopic expression of OCT4 (also called POUSF1)-activated haematopoietic transcription factors, together with 
specific cytokine treatment, allowed generation of cells expressing the pan-leukocyte marker CD45. These unique 
fibroblast-derived cells gave rise to granulocytic, monocytic, megakaryocytic and erythroid lineages, and 
demonstrated in vivo engraftment capacity. We note that adult haematopoietic programs are activated, consistent 
with bypassing the pluripotent state to generate blood fate: this is distinct from haematopoiesis involving pluripotent 
stem cells, where embryonic programs are activated. These findings demonstrate restoration of multipotency from 
human fibroblasts, and suggest an alternative approach to cellular reprogramming for autologous cell-replacement 
therapies that avoids complications associated with the use of human pluripotent stem cells. 


Mechanisms that govern induced pluripotent stem cell (iPSC) repro- 
gramming from human fibroblasts remain poorly understood’. The 
process is further complicated by cellular intermediates that fail to 
establish a stable pluripotent state, potentially due to the inability to 
establish the ideal expression context of reprogramming factors to com- 
plete pluripotency induction*~. These intermediates co-express genes 
associated with several differentiated lineages (neurons, epidermis and 
mesoderm)**, raising the possibility that under unique conditions, 
fibroblasts could be induced to differentiate towards specified lineages. 
This maybe akin to recent demonstrations where fibroblasts were con- 
verted into single cell types, such as neurons, cardiomyocytes and 
macrophage-like cells**. While these studies have examined fibroblast 
conversion in the murine model, a similar process remains to be extra- 
polated towards human applications. 

Our preliminary observations indicated that human dermal fibro- 
blasts (Fibs) predominantly expressing OCT4 during the pluripotent 
reprogramming process express lineage differentiation markers that 
include the human pan-haematopoietic marker CD45. While both 
OCT2 (also called POU2F2) and OCT1 (also called POU2F1) bind 
similar DNA target motifs to OCT4 (ref. 9), and play a role in 
lymphoid development’, OCT4 is yet to be implicated in haemato- 
poiesis. Here, by ectopic expression of the POU protein OCT4, we 
demonstrate and characterize direct haematopoietic fate conversion 
to multipotent blood progenitors from fibroblasts in the human. 


Emergence of CD45* cells from Fibs 

Reprogramming towards pluripotency requires a cascade of events 
that encompasses generation of various intermediate cells among a 
rare subset of stable iPSCs capable of teratoma formation’** (Sup- 
plementary Fig. la—c). A portion of these intermediates form colonies 
that possess round cellular morphology resembling haematopoietic cells 
(Supplementary Fig. 2a), and express the human pan-haematopoietic 
marker CD45 (CD45"), but lack pluripotency marker Tra-1-60 (ref. 2) 
that is indicative of iPSCs (Supplementary Fig. 2b, c). These Fib-derived 


CD45" cells preferentially express OCT4 while demonstrating low 
levels of SOX2 and NANOG (Supplementary Fig. 2d, e). This sug- 
gested that Fib-derived intermediates could acquire a distinct lineage 
phenotype. 

On the basis of these results, we compared the role of OCT4 during 
colony emergence from two sources of Fibs (adult dermal and neonatal 
foreskin) with that of NANOG or SOX2 alone (Fig. 1a). Transduced 
versus untransduced Fibs were examined between 14 and 21 days post- 
transduction (D14-D21; Supplementary Fig. 3). Unlike untransduced 
Fibs, or Fibs transduced with SOX2 (Fibs°°*”) or NANOG (FibsN4N©S), 
Fibs expressing OCT4 (Fib°°™) gave rise to colonies (Fig. la, 
Supplementary Fig. 3b) and exhibited OCT4 expression at levels similar 
to those detected in established iPSCs (Fig. 1b). Fibs°“"™ exclusively gave 
rise to haematopoietic-like CD45* cells (Fig. 1c). Furthermore, 
CD45°~ cells (CD45* Fibs°°™) showed an increase in OCT4 expres- 
sion (Supplementary Fig. 3c) with a concomitant decrease in the fibro- 
blast specific gene expression’* (Fig. 1d). Approximately 1,000 genes 
were downregulated and an equal number upregulated at D4, resulting 
in a shift towards the FibCD45~ phenotype (Supplementary Table 1). 
To characterize and enhance emergence of CD45°* Fibs, we used FIt3 
(FMS-like tyrosine kinase 3) ligand and SCF (stem cell factor), repre- 
senting inductive growth factors essential for early haematopoiesis'*’”. 
Treatment with FLT3LG and SCF increased the frequency of CD45* 
colony emergence from Fibs°°™ by 4 to 6-fold, compared with 
untreated Fibs0C™ (Fig. le, f), while no effect was detected from con- 
trol Fibs (Fig. le, f, Supplementary Fig. 4). These data indicate that 
OCT4 is sufficient to initiate emergence of CD45* cells from multiple 
sources of Fibs that are responsive to stimulation by early haemato- 
poietic growth factors. 


Conversion to CD45* does not require iPSCs 

Ectopic expression of OCT4 alone has been shown to result in pluri- 
potent reprogramming of neural progenitors'*. Accordingly, we 
examined the expression of a panel of genes known to be essential 
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Figure 1 | OCT4 transduced human fibroblasts give rise to CD45*"° 
colonies. a, » Bright field images of adult and neonatal untransduced (Fibs) and 
OCT4- (Fibs°°™), SOX2- (FibsS°*”) or NANOG- (Fibs\“N°°) transduced 
Fibs at D21 (colonies, dashed lines and arrows) (n = 6). b, Relative gene 
expression at D21 of SOX2, NANOG and OCT4 in untransduced and 
transduced Fibs (shaded bars) in comparison with iPSCs (open bars; n = 3, 
*P < 0.001). c, FACS analysis of CD45 (pan-haematopoietic marker) levels at 
D21 in transduced and untransduced adult and neonatal Fibs (n = 6). d, Global 
gene analysis of fibroblast marker expression of Fibs at D0 versus D21. 

e, f, Bright field images (e) and enumeration of colonies (f) in adult and 
neonatal Fibs and Fibs°°™ with and without Flt3 and SCF (six biological 
replicates; colonies, white arrows; error bars, s.e.m.; *P < 0.001). 


for induction and maintenance of pluripotency™ during emergence 
of CD45* Fibs. Apart from upregulation of OCT4 (Supplementary 
Fig. 5a), OCT4 transduction did not alter the pluripotency gene 
expression profile (Fig. 2a, b). Furthermore, related POU family 
members OCT2 and OCT1 remained unaffected (Supplementary 
Fig. 5b). On ectopic expression of OCT4 alone, pluripotency markers 
SSEA3 or Tra-1-60 were not detectable from Fibs°°™, whereas both 
gradually increased during establishment of iPSCs (Fig. 2c, d, 
Supplementary Fig. 5c-e). Unlike the fully reprogrammed hiPSCs 
(n= 8), injection of an equal number of OCT4-transduced or 
untransduced Fibs (n = 6) into immunodeficient mice failed to give 
rise to teratomas containing all three germ layers (Fig. 2e). Moreover, 
neither Fibs nor CD45‘ Fibs°°™ were immortalized, but could be 
maintained for approximately seven passages (Supplementary Fig. 6a), 
without elevation of MYC oncogene’? (Su upplementary Fig. 6b). 
Accordingly, our results indicate that the Fib©" cells manifest a hae- 
matopoietic cell fate without the detectable phenotype or functional 
properties of transformed or pluripotent cells. 


Haematopoietic progenitor of CD45 *Fibs°°™ 


Global gene expression analysis indicated that the CD45" Fibs 
cluster with mononuclear cells derived from mobilized peripheral blood 
(MPB)- and umbilical cord blood (UCB)-derived haematopoietic 
progenitors (CD34* cells) (Supplementary Fig. 7a, b), suggesting that 


OCT4 


522 | NATURE | VOL 468 | 25 NOVEMBER 2010 


a 

-3.0 Pluripotency signature 

es: aa 
<5 | Se a = HM cpas+Fibscr 4.4 (021) 
§3 CD45+Fibs°C™ 1.2 (021) 
a4 ial : Fibs 1.1 (D0) 

: | os oS _ Fibs 1.2 (DO) 

30 ST ANLIVHR SING QS RRL FEILELGSLO 
SSSHQHES TER SELSRSSE RS eaSZSEES 
CAEN COOH as 
° s68 Eason 868° § 22°3 
2 fay 

b > 

= 10" “> OCT4P4 “= DNMT3L © FBXO15 

S = UTFI “= CTNNB1 -* TDRD12 

= 103 st DPPA3 = SOX2 = SALL4 

= “= NANOG —DPPA2 =~ KLF4 

© 492 = GDF3 => DPPA4 FTHL17 

D “= OCT4P3 = ZFP42 = OCT4 

Dae = TCLIA “= C6orf221 = OCT4 

310 —= NANOG = OCT4 “= GRB2 

® —= SOX15 ~ DPPAS == MYG 

oa = > STATS ~~ OCT4P1 

@ 10*—Aauit Fibs (DO) CD45" 

Adult Fibs°CT4 (D21) 
c d 
f 

2 80 Fadult Fibs S90 [= Adult Fibs 

S70 Adult FibsoCT * S80 IB Adult FibsoCT™ 

a S60 Adult Fibs+OCT4/ w £7 I Adult Fibs+ 

Yon, SOX2/NANOG/LIN28 = 2 60 OCT4/SOx2/ 

o 80 ‘5 8 50 NANOG/LIN28 

> 40 

og >o 

e > 30 &2 30 

3% 20 5B 20 

oo 10 3 oOo 10: 

oa ee 

i 0 2 0: 


Days 


Adult Fibs°C™ 


Adult Fibs Control 
Ls: 6 es 


Figure 2 OCT4 transduced dermal fibroblasts bypass the pluripotent state. 
a, Pluripotency gene signature at DO versus D21. b, Pluripotency marker levels 
over DO to D21. c, d, Quantitative analysis of SSEA3 (c) and Tra-1-60 (d) in 

Fibs, Fibs°°" with and without SCF and FLT3LG, and Fibs transduced with 
OCT4, SOX2, NANOG, LIN28, over the human iPSC derivation timeline 

(n = 3). e, Teratomas derived from human iPSCs and testicular sections from 
mice injected with Fibs and Fibs°“™ (Control, saline injected). 


CD45‘ Fibs°°"™* may possess functional haematopoietic potential of 
multiple blood cell types. To functionally characterize haematopoietic 
capacity, both adult and neonatal CD45" Fibs°°™ were physically iso- 
lated and cultured with a cytokine cocktail known to support human 
haematopoietic progenitor development (Fig. 3a) and expansion (Sup- 
plementary Fig. 7c, d). The resulting progeny retained CD45 expres- 
sion and acquired myeloid-specific markers CD33 and CD13 (Fig. 3b 
and Supplementary Fig. 8). A subfraction of CD45* Fibs°°"* progeny 
included monocytes expressing CD14 (Fig. 3c, d, Supplementary Fig. 9a) 
that could be further stimulated by M-CSF and IL-4 to mature 
into macrophages capable of phagocytosis”. CD45‘ Fibs°°"*-derived 
monocytes engulfed FITC-labelled latex beads (Fig. 3e, f, Supplemen- 
tary Fig. 9b), unlike untransduced cytokine treated Fibs (Fig. 3e). 
Haematopoietic cytokine-treated CD45‘ Fibs°°™ derived from mul- 
tiple sources of Fibs (adult and neonatal) also gave rise to granulocytic 
cell types distinct from monocytes (Supplementary Fig. 10a), as indi- 
cated by expression of CD15 (Fig. 3g, Supplementary Fig. 10b) and 
by characteristic cellular and polynuclear morphologies associated 
with neutrophils, eosinophils and basophils (Fig. 3t 3h, Supplemen- 
tary Fig. 10c). Without cytokines, CD45*“*Fibs°°™ cells retained 
CD45 expression, however, myeloid-specific markers were reduced 
and monocytic and granulocytic lineages were absent (Supplemen- 
tary Fig. 1la, b). These results indicate that cytokine stimulation is 
necessary for haematopoietic expansion and maturation from 
CD45" Fibs°°™, 

Approximately one-quarter of cytokine-stimulated CD45" Fibs 
co-expressed CD34 (Fig. 3i, Supplementary Fig. 12). In a fashion similar 
to somatic UCB-derived progenitors, CD45‘ Fibs°°™ gave rise to colony 
forming units (CFUs), indicative of the clonal proliferative develop- 
mental potential of unipotent and bipotent progenitors of the granulo- 
cytic and macrophage lineages (Fig. 3j-I). On the basis of this in vitro 
myeloid capacity, CD45‘Fibs°°"* progeny were transplanted into 
immunodeficient NOD/SCID IL2Ryc-null (NSG) mice to characterize 
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Figure 3 | In vitro generation of myeloid lineages from CD45* 

Fibs a, Schema presenting myeloid lineage derivation from CD45" Fibs 
b, FACS analysis of myeloid cells derived from CD45‘ Fibs°°™ (n = 6). 

c, FACS analysis of monocytes and d, Giemsa-Wright images of monocytes 
(white arrow) derived from CD45 Fibs°°™* (n = 6). e, FACS analysis of 
macrophages, using FITC-labelled latex-bead uptake; inset shows quantitative 
analysis (n = 3). f, Giemsa- Wright stained image and immunofluorescence 
image of FITC-beads engulfed by macrophages (white arrow). g, FACS analysis 
of granulocytes derived from CD45* Fibs°°™ (n = 6). h, Giemsa-Wright 
stained granulocytes containing neutrophils, eosinophils and basophils (white 
arrows) (n = 6). i, CD45 Fibs°°™ derived haematopoietic progenitors 

(n = 9). j, Images of granulocytic (CFU-G), monocytic (CFU-M) CFUs (20). 
k, Quantification of granulocytic, monocytic and mixed granulocytic and 
monocytic (CFU-GM) CFU formation from CD45* CD34" cells derived from 
adult and neonatal Fibs and UCB (n = 3). 1, CFU frequency of adult and 
neonatal CD45‘ Fibs°°™ and UCB derived haematopoietic progenitors 

(n = 3; *P < 0.001). Error bars, s.e.m. 
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their in vivo potential (Fig. 4a). CD45‘ Fibs°°"*-derived cells engrafted 
all transplanted NSG recipients up to levels of 20%, as indicated by HLA- 
A/B/C* cells (Fig. 4b), while Fibs and saline showed no engraftment 
(Fig. 4c). Engraftment levels of CD45*Fibs°°™* were comparable to 
UCB-derived progenitors and MPB-derived progenitors (Fig. 4d). 
Primary reconstituted NSG recipients exhibited a predominantly mye- 
loid phenotype (~41% CD45*CD14*) (Fig. 4c), compared with UCB 
and MPB cells (Fig. 4e). A proportion of the engrafted cells retained CFU 
initiation potential similar to cells from human UCB (Fig. 4f, Supplemen- 
tary Fig. 13a—d). The ability to generate haematopoietic progenitors and 
the presence of engraftment, albeit at low levels, in the contralateral 
bones of the primary NSG recipients at 10 weeks post transplant (Sup- 
plementary Fig. 14a) supports the in vivo functional capacity of 
CD45 * Fibs°°"*-derived cells. Engrafted CD45* cells were only capable 
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Figure 4 | In vivo capacity of CD45*Fibs°“™. a, Schematic of NOD/SCID 
IL2Ryc-null mice xenograft model for injection of CD45" Fibs°“™. b, Graph 
representing human chimaerism of CD45” Fibs°°™* treated with cytokines 
(n = 12). ¢, FACS histograms of engrafted CD45" Fibs°°™ showing the 
presence of CD45* and CD14” population (n = 12). d, Graph representing 
human chimaerism of UCB derived progenitors and MPB cells (n = 4). 

e, Representative FACS histograms of engrafted UCB and MPB cells, showing 
the presence of CD45" and CD14” population (n = 4). f, CFU capacity of 
engrafted CD45* Fibs°°™ versus UCB (n = 3). 


of limited engraftment ability in secondary recipient NSG mice (Sup- 
plementary Fig. 14b), indicating that they do not possess transformed 
leukaemic stem cell properties”', and thus represent safer haematopoietic 
transplantation product alternatives, as compared to hPSC-derived cells 
that retain tumour potential’’**. Collectively, our data indicate that 
CD45* Fibs°°™ can give rise to functional haematopoietic progenitor- 
like cells that are able to mature into myeloid lineages in vitro and in vivo. 


Erythroid and megakaryocytic potential of CD45* Fibs 


Despite the ability to derive all myeloid lineages from CD45" Fibs°°™, 


erythroid cells were not detected. On OCT4 transduction, Fibs 
expressed the erythroblast marker CD71 at a frequency of nearly 
40% (Fig. 5a). As Erythropoietin (EPO) induces early erythroid differ- 
entiation’, we added EPO to Fib°°"* cultures, and observed a twofold 
increase in the number of Fibs expressing CD71, along with an increase 
in expression of Glycophorin-A (Fig. 5b) and adult B-globin protein 
(Fig. 5c). In contrast, Fibs (Fig. 5c) and hPSC-derived haematopoietic 
cells (Fig. 5c inset) lacked B-globin protein. In the absence of EPO, only 
B-globin transcript was expressed in the CD45" Fibs°°"™* (Fig. 5d), 
while B-globin protein was undetectable (Fig. 5c). In contrast, and 
unlike haematopoietic cells derived from hPSCs*°, haematopoietic cells 
derived from CD45*Fibs°°™ lacked embryonic globin expression 
and expressed modest levels of fetal globin (Fig. 5d). EPO-treated 
CD45*Fibs°°™ exhibited both primitive and mature erythrocyte 
(enucleated) morphologies (Fig. 5e) and allowed for erythroid progeni- 
tor emergence, detected by colony formation (BFU-E) and CFU- 
Mixed colonies (CFU-Mix; dual myeloid and erythroid capacity), 
similar to that for UCB, without reduction in monocytic or granulo- 
cytic progenitor capacity (Fig. 5f, g, Supplementary Fig. 15a, b). 
Studies have indicated that erythroid and megakaryocytic lineage 
commitment occur together and potentially arise from a common pre- 
cursor population’*”. EPO stimulation of CD45*Fibs°°"™* induced 
emergence of megakaryocytic lineage, as detected by Megakaryocytic 
(Mk)-CFU assay*®, indicated by the presence of Mk-specific antigen 
GPllb/Illa (CD41; red/pink colonies) (Fig. 5h right panel, Fig. 5i), while 
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Figure 5 | EPO treated CD45* Fibs°™ generate erythroid and 
megakaryocytic progenitors. a—c, Representative FACS histograms of 
erythroblast marker, CD71 (a), Glycophorin-A (b) and adult-globin (c; upper 
panel, differentiated hPSCs) in Fibs and CD45‘ FibsC°™ with and without 
EPO (n = 3). d, Relative mRNA expression of embryonic, fetal and adult- 
globins (n = 3; *P < 0.001). e, Giemsa-Wright stained EPO treated 

CD45* FibsOC™ showing primitive (black arrow) and mature (white arrow) 
erythrocyte morphologies. f, CFU images, and g, quantitative analysis of CFU 
formation of EPO treated adult and neonatal CD45* Fibs°°!™ (20X; n = 3). 
(Erythroid blast forming units, BFU-E; all lineages, CFU-Mix). 

h, Megakaryocytic CFU (CFU-Mk) images (CD41* cells; 20X), and 

i, quantification (n = 3; *P < 0.001). 0, not detected. 


this haematopoietic progenitor type was absent in CD45*Fibs°°™* 
without EPO (Fig. 5h middle panel, Fig. 5i) or control Fibs (Fig. 5h left 
panel, Fig. 5i). Taken together, EPO treatment induces definitive and not 
primitive (embryonic) haematopoietic programs”, and reveals mega- 
karyocytic lineage during conversion of Fibs to haematopoietic fate. 


OCT4 haematopoietic program from Fibs 

To develop a broader understanding of the role of OCT4 during hae- 
matopoietic conversion of Fibs (Fig. 6a), we examined gene expression 
and OCT4 occupancy over the time course of CD45* cell emergence 
and maturation. As early as day (D) 4 post transduction, significant 
changes occur in molecular pathways, including metabolic and develop- 
mental processes (Supplementary Fig. 16a). Furthermore, global gene 
expression of the Fibs over the course of CD45* cell emergence (D0, D4 
and D21) indicated a decrease in fibroblast-specific gene expression’® 
(Fig. 6b), without pluripotency gene induction (Fig. 6c), excluding 
OCT4. Fibs°°™ immediately upregulated haematopoietic cytokine 
receptors, including FLT3 and KIT, receptors of FLT3LG and SCF, 
respectively (Fig. 6d), along with transcription factors associated with 
early haematopoietic development (Fig. 6e, Supplementary Fig. 16b, c). 
In addition, Fibs possess low to undetectable levels of genes associated 
with pluripotency, such as NANOG and SOX2, or haematopoietic spe- 
cification, such as SCL/TAL1, RUNX1, C/EBPa, GATAI or PU.1/SPI1 
(refs 6, 30-32) (Fig. 6f, Supplementary Fig. 17a). However, transduction 
with OCT4 was accompanied by a substantial increase of SCL, C/EBPa, 
GATAI1 and RUNXI (Fig. 6f). Interestingly, PU.1 and MIXL1, which 
were previously shown to regulate primitive blood development***™, 
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were not differentially regulated (Fig. 6e, f, Supplementary Fig. 16b, c). 
Expression of genes associated with mesodermal transition from the 
pluripotent state, such as Brachyury and GATA2, were absent in both 
Fibs and CD45*Fibs°°™ (Fig. 6f), indicating that haematopoietic 
specification from Fibs does not involve embryonic-mesodermal tran- 
sitions***°. Molecular analysis of cytokine treated CD45* Fibs°°"™* 
(D37) revealed reduced OCT4 levels, while maintaining RUNX1, 
SCL and C/EBPz levels (Supplementary Fig. 17b), and expression of 
all adult globins, including haemoglobin-w, B and 5 (Supplementary 
Fig. 17c, Fig. 5d). 

Like OCT4, OCT1 and OCT2 are also able to regulate haematopoietic- 
specific genes (Supplementary Fig. 18)?” ". While expression of OCT4 
increased during CD45" cell emergence, followed by a significant 
reduction on cytokine treatment, the levels of OCT2 and OCT1 
remained unchanged (Fig. 6g), suggesting that OCT4 does not target 
other Oct family members. Nevertheless, OCT 1, OCT2 and OCT4 have 
the potential to bind the same octamer (POU) binding sequences in a 
cell context specific manner, thereby raising the possibility that OCT4 
has the capacity to bind and potentially regulate gene targets of OCT1 
and OCT2 (refs 37-40) (Fig. 6h, Supplementary Fig. 18). Thus, we 
examined OCT4 occupancy of haematopoietic, non-haematopoietic 
and pluripotency genes that contain shared OCT1, OCT2 or OCT4 
binding sequences in their putative promoters/enhancers (Fig. 6h, 
Supplementary Fig. 18). Consistent with changes in gene expression 
(Fig. 6f), RUNX1, SCL, CD45 and GATA1 displayed substantial OCT4 
occupancy (Fig. 6i). To assess the specificity of OCT4 occupancy of 
haematopoietic targets during CD45* cell emergence, we examined 
non-haematopoietic associated promoters previously shown to bind 
OCT1 or OCT2. Consistent with global gene expression (Supplemen- 
tary Fig. 7a), housekeeping genes GADD45A and POLR2A exhibited 
an increase in OCT4 occupancy at their respective promoters, while 
non-haematopoietic genes MYF5 and NKX2.5, associated with meso- 
dermal development, did not (Fig. 6j). In contrast to hPSCs, OCT4 did 
not occupy NANOG, MYC and TBX3 promoters (Fig. 6k) in 
CD45* Fibs°°"™*, While OCT4 binds its own promoter (Fig. 6k), it does 
not bind the OCT2 promoter (Fig. 6i), consistent with OCT2 expres- 
sion (Supplementary Fig. 5a, b). Collectively, these temporal gene 
expression analyses along with OCT4 occupancy studies demonstrate 
that ectopic OCT4 expression orchestrates haematopoietic program 
potential in Fibs towards blood fate conversion. 


Discussion 


Our current study demonstrates the ability of human fibroblasts to be 
directly converted to multipotent haematopoietic progenitors of the 
myeloid, erythroid and megakaryocytic lineages via OCT4-dependent 
cellular programming without traversing the pluripotent state or 
activation of mesodermal pathways**”*. Given that transition from 
primitive to definitive haematopoiesis is delineated by the shift from 
embryonic to adult haemoglobin expression”’, our study demon- 
strates that unlike hPSC-derived haematopoietic cells’, CD45" Fibs 
exclusively acquire adult-globin protein indicative of definitive hae- 
matopoietic program activation. Acquisition of the haematopoietic 
phenotype is linked to the direct binding of OCT4 to the regulatory 
loci of haematopoietic-specific genes*”*°*"”, While OCT1 and OCT2 
have been shown to play a role in adult lymphopoiesis’®"'*, OCT4 has 
not been implicated in blood fate. Given the conservation between the 
native or predicted octamer binding sequences among OCT1, OCT2 
and OCT4, it is highly possible that POU domains shared among 
OCT proteins have a redundant role in haematopoietic fate conver- 
sion. Although OCT4 converts fibroblasts to myeloid and erythroid 
progenitors, lymphoid fate was not detected. Accordingly, it is plaus- 
ible that ectopic expression of OCT4, OCT1 and OCT2, coupled with 
lymphoid specific culture conditions, may support lymphoid conver- 
sion from Fibs, and is currently being pursued. 

Although recent reports demonstrate conversion of mouse fibro- 
blasts to neural, cardiac and macrophage-like cells®*, the present 
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Figure 6 | OCT4 causes haematopoietic program activation in Fibs. a, 
Proposed model for haematopoietic fate conversion from CD45* Fibs°°™ (DO 
to D37). b-e, Global gene expression based on fibroblast marker expression 
(b), pluripotency signature (c), haematopoietic cytokines (d) and 
haematopoietic transcription factors (e). f, Relative mRNA expression of 
mesodermal, haematopoietic specific and pluripotency genes at DO versus D21 
and D37 (n = 4, *P < 0.001). g, Gene expression profile of OCT (POU) genes. 


study uniquely demonstrates the ability to generate multipotent, 
rather than unipotent (single lineage), cell types from fibroblasts in 
the human, hence establishing future clinical utility of these multi- 
potent cells of the haematopoietic lineage. Taking into account the 
yield, expansion capacity and clinical feasibility” of using this direct 
conversion approach to haematopoietic fate (Supplementary Table 2), 
our technique could provide a reasonable basis for autologous cell 
replacement therapies. 


METHODS SUMMARY 

Cultures. Adult and neonatal dermal fibroblasts were cultured in F12-DMEM 
media supplemented with (1) IGFII and bFGF, or (2) IGFI, bFGF, Flt3 and SCF, 
on Matrigel-coated plates. Lentiviral vectors (pSIN) containing cDNAs of OCT4, 
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h, Schematic of native and predicated octamer binding sequences for OCT4, 
OCT1 and OCT2, (N, any nucleotide; starred/underlined, conserved octamer- 
binding region). i-k, Right panels: relative OCT4 occupancy of haematopoietic 
specific (i), non-haematopoietic (j) and pluripotency (k) gene enhancer/ 
promoter regions (n = 3; *P < 0.001). i-k, Left panels: proximity maps of 
primers (arrows) relative to native or predicted octamer-binding region (black 
box). 


NANOG, SOX2 and LIN28 were obtained from Addgene and were transfected 
into 293-FT cells using the virapower packaging kit (Invitrogen). Fibroblast 
transductions were performed at 24h post 10* seeding on Matrigel. For deriva- 
tion of CD45° cells, fibroblasts were transduced with OCT4 expressing lentivirus 
and cultured in media (1) or (2), and iPSCs were derived as previously described’. 
Further haematopoietic differentiation was carried out using EB media supple- 
mented with haematopoietic cytokines. 
Functional/phenotype analysis. Flow cytometry analysis of haematopoietic and 
pluripotency markers was performed using FACSCalibur (Beckman Coulter), and 
analysis was performed using the FlowJo 8.8.6 software. Cell sorting was per- 
formed using FACSAria II (Becton-Dickinson); Histological profiling of hemato- 
poietic cells was performed using Cytospin and Giemsa-Wright staining and 
confirmed by the McMaster Pathology and Hematology Group; CFU formation 
was assayed using Methocult and Megacult kits from Stem Cell Technologies; 
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Macrophage phagocytosis assay was performed using Fluorescein conjugated- 
latex beads (Sigma) as particle tracers to analyse uptake by monocytes derived from 
CD45* Fibs°°" cells; in vivo engraftment capacity was evaluated by intrafemoral 
injection of CD45" cells into NSG mice. Ten weeks later bone marrow from 
injected femur, contralateral bones and spleen was analysed for the presence of 
human cells by flow cytometry; teratoma formation was evaluated by intratesticular 
injection into NOD/SCID mice. Resulting teratomas were evaluated for the pres- 
ence of mesoderm, endoderm and ectoderm through histological examination. 
Molecular analysis. For qPCR and microarray analysis, RNA was extracted using 
a total RNA purification kit (Norgen). Microarray analysis was done using 
Human Gene 1.0 ST arrays (Affymetrix) and dChIP software. OCT4 DNA occu- 
pancy (OCT4 ChIP) was done as previously described*. See Supplementary 
Methods for additional details. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Cell culture. Primary human dermal adult fibroblasts derived from breast dermal 
tissue, and neonatal fibroblasts derived from foreskin tissue, were initially main- 
tained in fibroblast medium (DMEM (Gibco)) supplemented with 10% v/v FBS 
(Neonatal Bovine Serum, HyClone), 1 mM L-glutamine (Gibco), and 1% v/v non- 
essential amino acids (NEAA; Gibco) before transduction with OCT4 lentivirus 
vector. Human dermal fibroblasts transduced with OCT4 were maintained on 
matrigel-coated dishes in complete F12 medium (F12 DMEM; Gibco) supple- 
mented with 10% knockout serum replacement (Gibco), 1% NEAA (Gibco), 
1mM 1-glutamine (Gibco), and 0.1 mM f-mercaptoethanol containing 16 ng 
ml ! bFGE (BD Biosciences) and 30 ng ml | IGFII (Millipore), or in complete 
F12 medium containing 16 ng ml bFGF and 30 ngml_* IGFIIand supplemented 
with 300 ng ml — TFlt-3 (R&D Systems) and 300 ng ml | stem cell factor (SCE; R&D 
Systems), for 21 days. The arising CD45* OCT-transduced cells were transferred 
onto low attachment 24-well plates in haematopoietic medium, consisting of 
80% knockout DMEM (KO-DMEM) (Gibco), 20% v/v non-heat inactivated 
fetal calf serum (FCS) (HyClone), 1% v/v NEAA, 1 mM 1-glutamine and 0.1 mM 
B-mercaptoethanol (Sigma), for 16 days. Cultures were replaced with haematopoie- 
tic differentiation medium with cytokines (SCF, G-CSF, FLT3LG, IL-3, IL-6 and 
BMP-4; R&D Systems), or for erythroid/megakaryocytic differentiation the medium 
was supplemented with haematopoietic cytokines plus 3 U ml! EPO and changed 
every 4 days. This was followed by collection for molecular and functional analysis. 
Lentivirus production. Lentiviral vectors (pSIN) containing cDNAs of OCT4, 
NANOG, SOX2 and Lin-28 were obtained from Addgene. These vectors were 
transfected with virapower packaging kit from Invitrogen in a 293-FT packaging 
cells line. Viral supernatants were harvested 48 h after transfection and ultracen- 
trifuged to concentrate the virus. An equal amount of each virus was used for 
fibroblast transduction in the presence of 8 ug ml ' polybrene. 

Lentivirus transduction. For generation of cells containing single transcription 
factors, human adult dermal fibroblasts (Fibs) (derived from breast skin; age 
30-40 yr) or neonatal foreskin Fibs were seeded at a density of 10,000 cells per 
well on matrigel coated 12-well plates. Twenty-four hours after seeding, Fibs were 
infected with lentivirus expressing either OCT4 or NANOG or SOX2 (NANOG 
and SOX2 transduction was only performed for adult dermal Fibs). Transduced 
fibroblasts were then grown in complete F12 medium containing 16 ng ml ' bFGF 
and 30 ng ml! IGFII supplemented with 300 ng ml ' Flt-3 and 300 ng ml! SCE, 
or complete F12 medium containing 16ngml' bFGF and 30ngml * IGFII 
alone, for up to 21 days. Emerging CD45~ colonies were counted 14-21 days after 
infection. Colonies were picked manually and maintained on matrigel-coated 
wells. Molecular analysis was done on purified untransduced Fibs (D0), OCT4 
transduced Fibs at day 4 (D4), CD45* Fibs at day 21 (D21) and haematopoietic 
cytokine treated or untreated CD45* Fibs at day 37 (D37). Day 4 post OCT4 
transduction was chosen as the early event time point, based on a number of 
criteria: optimal time for recovery following transduction; visible morphological 
changes within the culture; and resumption of normal cell cycle kinetics. The day 4 
OCT4 transduced Fibs (D4) were isolated by puromycin selection overnight 
(OCT4 vector contains a puromycin resistance cassette), and the purity of the 
sample was validated by staining for OCT4 followed by OCT4 expression analysis 
using flow cytometry; samples used for molecular analysis exhibited 99% OCT4 
levels. The D21 and D37 CD45" Fibs°" were isolated on the basis of their CD45 
expression. D21 and D37 cells were stained with CD45-APC antibody (BD 
Biosciences) and sorted using a FACSAria II (Becton Dickinson); samples used 
for molecular analysis exhibited 99% CD45 levels. 

Induction of reprogramming. For generation of reprogrammed cells from fibro- 
blasts, cells were seeded at the density of 10,000 cells per well on matrigel coated 
12-well plates. Twenty-four hours after seeding, fibroblasts were transduced with 
lentivirus expressing OCT4/NANOG/SOX2/LIN28 (ref. 15). Transduced fibro- 
blasts were then grown in F12 medium supplemented with 30 ng ml * IGFII and 
16ngml ' bFGF. Reprogrammed iPSC colonies were counted four weeks post 
infections. Colonies were picked manually and maintained on matrigel-coated 
wells. 

Live staining. For live staining, sterile Tra-1-60 antibody (Millipore) was pre- 
conjugated with sterile Alexa Fluor-647 at room temperature. Reprogrammed 
colonies were washed once with F12 medium and incubated with Tra-1-60-Alexa 
647 antibodies for 30 min at room temperature. Cultures were then washed twice 
to remove unbound antibody. Cells were visualized by an Olympus IX81 fluor- 
escence microscope. 

Flow cytometry. For pluripotency marker expression, cells were treated with col- 
lagenase IV, and then placed in cell dissociation buffer for 10 min at 37 °C (Gibco). 
Cell suspensions were stained with SSEA3 antibody (1:100) (Developmental Studies 
Hybridoma Bank, mAB clone MC-631, Univ. Iowa) or Tra-1-60-PE (1:100) 
antibody (BD Biosciences). For SSEA3 staining, Alexa Fluor-647 goat anti-rat 
IgM (1:1,000) (Molecular Probes, Invitrogen) was used as the secondary antibody. 
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Live cells were identified by 7-amino actinomycin (7AAD) exclusion and then 
analysed for cell surface marker expression using a FACSCalibur (Becton 
Dickinson). Collected events were analysed using FlowJo 8.8.6 Software (Tree 
Star). 

Cells from the haematopoietic differentiation medium were disassociated with 

TrypLE (Gibco) at D16 and analysed for expression of haematopoietic progenitor 
and mature haematopoietic markers. Haematopoietic cells were identified by stain- 
ing single cells with fluorochrome-conjugated monoclonal antibodies (mAb): 
CD34-FITC and APC- or FITC-labelled anti-human CD45 (BD Biosciences), 
FITC-anti-CD33 (BD Pharmingen), PE-anti-CD13 (BD Pharmingen), PE- or 
FITC-anti-CD71 (BD Pharmingen), FITC-anti- HLA-A/B/C (BD Pharmingen), 
PE-anti-CD15 (BD Pharmingen), PE-anti-CD15 (BD Pharmingen); PE anti- 
CD14 (BD Pharmingen), FITC- or PE-anti-GlyA (BD Pharmingen), and APC- 
or PE-anti-B-globin (SantaCruz Biotech). The mAb and their corresponding 
isotypes were used at 1-2 mgml '; optimal working dilutions were determined 
for individual antibodies. Frequencies of cells possessing the haemogenic and 
haematopoietic phenotypes were determined on live cells by 7AAD 
(Immunotech) exclusion, using FACSCalibur (Beckman Coulter), and analysis 
was performed using FlowJo 8.8.6 Software. 
RT-PCR and qPCR. Total RNA was isolated using the Norgen RNA isolation kit. 
RNA was then subjected to cDNA synthesis using superscript III (Invitrogen). 
Quantitative PCR (qPCR) was performed using Platinum SYBR Green-UDP mix 
(Invitrogen). For the analysis of the sample, the threshold was set to the detection 
of Gus-B (B-glucuronidase)** and then normalized to internal control GAPDH. 
The base line for the experiment was set to the gene expression levels observed in 
fibroblasts. Given the expression of some of the genes within this starting popu- 
lation of fibroblasts, we felt that we should include the gene expression pattern for 
these cells. Hence, the data are represented as delta cycle threshold (AC(t)) versus 
delta AC(t) (AAC(t)). (qPCR primer sequences are provided in Supplementary 
Table 3.) 

Genomic DNA was isolated using the All In One isolation kit (Norgen). For 
integration studies, 150 ng genomic DNA was used per PCR reaction. PCR reac- 
tions were performed using 2X PCR Master Mix (Fermentas). 

Affymetrix analysis. Total RNA was extracted from human dermal fibroblasts (2 
replicates), puromycin selected day 4 OCT4 transduced fibroblasts (2 replicates) 
and sorted CD45” cells (2 replicates) using the Total RNA Purification Kit 
(Norgen). RNA integrity was assessed using Bioanalyser (Agilent Technologies). 
Sample labelling and hybridization to Human Gene 1.0 ST arrays (Affymetrix) 
were performed by the Ottawa Health Research Institute Microarray Core Facility 
(OHRI). Affymetrix data were extracted, normalized, and summarized with the 
robust multi-average (RMA) method implemented in the Affymetrix Expression 
Console. CEL files were imported into dChIP software’ for data normalization, 
extraction of signal intensities and probe-level analysis. All the data from each 
individual sample are available on the NCBI Gene Expression Omnibus (GEO, 
http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series acces- 
sion number GSE24621. 

Chromatin immunoprecipitation. ChIP was performed as described previ- 
ously**. Briefly, human pluripotent cells (H9 and iPSC1.2), human dermal fibro- 
blast cells, puromycin selected day 4 OCT4 transduced cells, and sorted day 21 
CD45* cells were cross-linked using 1% formaldehyde. Chromatin was digested 
in buffer containing 0.1% SDS to obtain fragments of approximately of 1,000 bp 
length. Sonicated DNA was subjected to immunoprecipitation using anti-OCT4 
(ChIP quality antibody; Cell Signaling Technology) and anti rabbit IgG antibodies 
(Santacruz Biotechnology). Immunoprecipitated DNA was further reverse cross- 
linked, purified and subjected to qPCR analysis using UDG-Platinum SYBR Green 
mix (Invitrogen). The promoter specific ChIP primers are listed in Supplementary 
Table 4. To calculate the relative enrichment, signals observed in control antibody 
were subtracted from signals detected from the specific antibody; the resulting 
differences were divided by signals observed from one-fiftieth of the ChIP input 
material. 

Megakaryocyte assay. To detect human megakaryocytes, the MegaCult-C 
Complete Kit with Cytokines (Stem Cell Technologies) was used. The derivation 
of megakaryocytes was done according to instructions included with the kit. The 
kit includes pre-screened components for optimal growth of megakaryocyte 
CFUs, such as thrombopoietin (TPO), Interleukin-3 (IL-3), IL-6, IL-11 and 
SCF, chamber slides for growth and antibodies for subsequent immunocyto- 
chemical staining. In short, 10,000 CD45* EPO treated cells were plated in the 
MegaCult medium containing the cocktail of growth factors mentioned above. 
The human CFU-Mks were detectable by day 10 to 15 and were subsequently 
fixed and stained according to protocol. Mk-specific antigen GPllb/Illa (CD41) 
linked to a secondary biotinylated antibody-alkaline phosphatase avidin conju- 
gated detection system was used, where Mk-CFUs were red/pink in colour. 
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Cytospin. 1,000 CD45* OCT4 transduced cells were washed twice in cold 2% 
FBS in PBS and diluted in 500 ul of cold 1% FBS in PBS. The samples were loaded 
into the appropriate wells of the Cytospin centrifuge equipment. The samples 
were spun at 500 r.p.m. for 5 min to allow adherence to the slides. The slides were 
fixed with methanol for 1 min and allowed to dry for 30 min. Then slides were 
stained with Giemsa-Wright stain for 3 min, followed by 10 min in PBS and a 
quick wash in distilled water. The slides were allowed to dry overnight and 
mounted with mounting medium (Dako). Slides were viewed by an Olympus 
IX81 microscope. Blood cell typing/morphological criteria were confirmed by 
McMaster Pathology and Hematology. 

Macrophage phagocytosis assay. Fluorescein (FITC) conjugated latex beads 
(Sigma) were used as particle tracers to analyse phagocytosis by monocytes 
derived from CD45* Fibs°°"™ cells treated with IL-4 and M-CSF. To measure 
phagocytosis, 10 pil of packed beads suspended in 3% FBS in PBS was added to 10° 
cells in Teflon tubes. After incubation for 90 min at 37 °C, cells were washed three 
times with cold PBS containing 3% FBS and 0.1% EDTA to remove free beads. 
The cells were then labelled to detect expression of CD45 (APC-conjugated) 
CD45 mAb together with FITC-bead uptake, and analysed by flow cytometry 
using FACSCalibur (BD) or visualized on tissue culture quality slides (VWR) and 
viewed by an Olympus IX81 fluorescence microscope. 

Xenotransplant assays. NOD/SCID IL2Ryc null adult mice (NSG) were sub- 
lethally irradiated with 325 rads 24h before transplantation. 5.0 x 10° CD45* 
OCT-transduced (D37) or human dermal fibroblasts or human mobilized peri- 
pheral blood or human umbilical cord blood lineage depleted cells were transplanted 
by intrafemoral injection. After 10 weeks, animals were culled, and bone marrow 
(BM) from injected femur, contralateral bones and spleen was analysed for the 
presence of human cells by flow cytometry (FACSCalibur, Becton Dickinson), fol- 
lowed by data analysis using FlowJo 8.8.6 Software (Tree Star). Cells positive for 
HLA-A/B/C and CD45 were analysed for the expression of haematopoietic lineage 
specific markers, such as CD14. For secondary transplants, total engrafted bone 
marrow cells were transplanted intravenously (IV injection) in adult irradiated 
NSG mice, as described for primary transplants. Genomic DNA from engrafted cells 
was then analysed using conventional PCR by primers specific for the «-satellite of 
human chromosome 17: forward, 5’-GGGATAATTTCAGCTGACTAAACAG-3’; 
reverse, 5’-TTCCGTTTAGTTAGGTGCAGTTATC-3’. 

Methylcellulose colony-forming assay. Cells were plated at 1,000 FACSAria II 
sorted (Becton Dickinson) CD45 * CD34" cells or 5,000 total cells for EPO treat- 
ments were seeded in 1 ml of Methocult GF H4434 (Stem Cell Technologies). 
Colonies were scored after 14 days of culture using standard morphological criteria 
and analysed using the FACSCalibur (Becton Dickinson) for haematopoietic sur- 
face markers. Collected events were analysed using FlowJo 8.8.6 Software (Tree 


Star). For colony derivation from xenotransplant derived engrafted cells, the cells 
were first sorted based on HLA-A/B/C (BD Biosciences) followed by CD45 
expression using a human specific anti-CD45 (BD Biosciences). The HLA-A/B/ 
Cand CD45 double positive cells were then plated at a density of 1,000 cell ml~' in 
Methocult GF H4434. The colonies derived from engrafted cells were further 
analysed for haematopoietic surface markers using FACSAria II (Becton 
Dickinson). Collected events were analysed using FlowJo 8.8.6 Software (Tree 
Star). 

Teratoma assay. The McMaster University Animal Care Council approved all 
procedures and protocols. Adult dermal fibroblasts, neonatal dermal (foreskin) 
fibroblasts, CD45* OCT4 transduced adult dermal fibroblasts, CD45* OCT4 
transduced neonatal fibroblasts and iPSC 1.1 to 1.4 were treated with collagenase 
IV for 5-10 min, followed by collection and washing twice with saline and resus- 
pended in saline. 500,000 cells per sample were injected intratesticularly into male 
NOD-SCID mice. Mice were killed 10-12 weeks after initial injection. Teratomas 
were extracted, embedded in paraffin and sectioned in 5-1 intervals followed by 
deparafinization in xylene and processing through a graded series of alcohol 
concentrations. Samples were stained with haematoxylin and eosin or OCT4 
followed by dehydration and xylene treatment. Slides were mounted using 
Permount and imaged by scanning slides using Aperio Scan Scope; images were 
captured using Image Scope v9.0.19.1516 software. Tissue was also collected from 
a variety of organs including lung, spleen, liver, brain and kidney to investigate the 
presence of metastatic cells. Tissue typing was performed based on stringent 
histological and morphological criteria specific for each germ layer subtype. 
Mesoderm lineages, such as bone, were identified using presence of osteocytes 
and bone spicules (dark pink); cartilage was identified by the presence of chon- 
drocytes and specific staining (light blue) of the extra cellular matrix. Endoderm 
lineages, such as intestinal lumens, were identified by the presence of goblet cells 
in the lumen epithelium. Ectoderm lineages, such as skin, were identified based 
on distinguishing cell layer morphologies (that is, stratified); brain or neural tube 
was identified based on specific histological criteria. The presence of the germ 
ayers and tissue typing was confirmed by McMaster Pathology. 

Statistical analysis. All tests were performed using InStat Version 3.0a statistical 
software (GraphPad Software). Descriptive statistics including mean and s.e.m. 
along with one-way ANOVAs, and two-tailed t-tests were used to determine 
significant differences. P< 0.01 was considered significant. 
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Sugar transporters for intercellular 
exchange and nutrition of pathogens 
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Jung-Gun Kim?, William Underwood‘, Bhavna Chaudhuri!, Diane Chermak', Ginny Antony’, Frank F. White’, 


Shauna C. Somerville’, Mary Beth Mudgett? & Wolf B. Frommer! 


Sugar efflux transporters are essential for the maintenance of animal blood glucose levels, plant nectar production, and 
plant seed and pollen development. Despite broad biological importance, the identity of sugar efflux transporters has 
remained elusive. Using optical glucose sensors, we identified a new class of sugar transporters, named SWEETs, and 
show that at least six out of seventeen Arabidopsis, two out of over twenty rice and two out of seven homologues in 
Caenorhabditis elegans, and the single copy human protein, mediate glucose transport. Arabidopsis SWEETS is essential 
for pollen viability, and the rice homologues SWEET11 and SWEET14 are specifically exploited by bacterial pathogens for 
virulence by means of direct binding of a bacterial effector to the SWEET promoter. Bacterial symbionts and fungal and 
bacterial pathogens induce the expression of different SWEET genes, indicating that the sugar efflux function of SWEET 
transporters is probably targeted by pathogens and symbionts for nutritional gain. The metazoan homologues may be 
involved in sugar efflux from intestinal, liver, epididymis and mammary cells. 


The molecular nature of cellular sugar efflux in both plants and animals 
is unknown despite the fact that sugar efflux is an essential component 
for cellular exchange of carbon and energy in multicellular organisms’~*. 
Sugar efflux from the tapetum or transmitting tract of the style, for 
example, fuels pollen development and pollen tube growth’. Flowers 
secrete sugars for nectar production to attract pollinators, and plants 
secrete carbohydrates into the rhizosphere, potentially to feed beneficial 
microorganisms®. Sugar efflux carriers are required at other sites, 
including mesophyll in leaves and the seed coat’. In mammals, glucose 
efflux from liver is crucial for the maintenance of blood glucose levels”. 

The primary goal of pathogens is to access nutrients from their 
hosts for reproduction. Phytopathogenic bacteria in the genera 
Pseudomonas and Xanthomonas can live in the intercellular space 
(apoplasm) of plants, where they acquire carbohydrates for energy 
and carbon®. Successful pathogens probably co-opt nutrient efflux 
mechanisms of the host to redirect nutrient flux’. Plants and patho- 
gens engage in an evolutionary tug-of-war, in which the plant limits 
pathogen access to nutrients and initiates immune responses, whereas 
the pathogen evolves adaptive strategies to gain access to nutrients 
and suppress host immunity. Insight into mechanisms used by patho- 
gens to alter plant immunity is emerging. However, the mechanisms 
that pathogens use to alter host physiology, notably efflux of sugars to 
support growth, are poorly understood. We hypothesize that sugar 
efflux transporters are co-opted by pathogens to supply nutrients’. 
This hypothesis is supported by studies of sugar transfer from wheat 
leaves to powdery mildew'*. Pathogen glucose/H* uptake transporters 
have been identified’’; by contrast, plant sugar efflux mechanisms have 
remained elusive. 


Identification of ALSWEETI as a glucose uniporter 

To identify new transporters potentially involved in glucose efflux, we 
screened genes encoding uncharacterized polytopic membrane proteins 
from the Arabidopsis membrane protein database Aramemnon” using 


a new mammalian expression system’*. Candidate genes were co- 
expressed with the high-sensitivity fluorescence resonance energy 
transfer (FRET) glucose sensor, FLIPglu600uA13V, in human 
HEK293T cells, which have low endogenous glucose uptake activity'*"°. 
Among the genes tested, AtS WEET1 (AT1G21460) expression enabled 
HEK293T cells to accumulate glucose as detected by a glucose-induced 
negative FRET ratio change (Fig. la). To determine whether 
AtSWEET1 also mediates efflux from the cytosol, the FRET glucose 
sensor FLIPglu6001A13V*™ was expressed in the lumen of the endo- 
plasmic reticulum (ER; Fig. 1b). Topologically, efflux across the plasma 
membrane from the cytoplasmic side is equivalent to efflux into the ER 
that is also initiated from the cytoplasmic side (Fig. 1c). The glucose- 
dependent response of the ER sensor demonstrates that ASWEET1 can 
mediate both uptake across the plasma membrane and efflux into the 
ER. SWEET] thus seems to function as a bidirectional uniporter/facili- 
tator. The observed sugar uptake and efflux were not due to subcellular 
re-localization of the FRET sensors (Supplementary Fig. 1). A carboxy- 
terminal green fluorescent protein (GFP) fusion of ALSWEET1 was 
functional in cellular uptake and localized to the plasma membrane 
of HEK293T cells (Supplementary Fig. 2). AtSWEET1 carrying a pre- 
mature stop codon at position 198 was non-functional (Supplemen- 
tary Fig. 3). Induction of endogenous GLUT glucose transporters in 
AtSWEET1-expressing HEK293T cells was excluded based on insensi- 
tivity of uptake to the GLUT inhibitor cytochalasin B (Supplementary 
Fig. 4a, b) and lack of detectable changes of messenger RNA levels of 
known human GLUT and SGLT glucose transporters (Supplementary 
Fig. 4c). The transport function of AtSWEET1 was independently 
demonstrated by expression in a yeast mutant lacking all 18 hexose 
transporters’’. ASWEET 1 enabled the yeast mutant to grow on glucose 
(Fig. 1d) and to accumulate intracellular glucose as determined with the 
FRET glucose sensor FLII'?Pglu7001106 (ref. 18) (Fig. le). ASSWEET1 
functions as a low-affinity glucose transporter (Michaelis constant (K,,) 
~9 mM; Fig. 1f). Consistent with a uniport transport mechanism, uptake 
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Figure 1 | Characterization of SWEET transporters. a, Identification of 
glucose transport activity for AtSWEET1 by co-expression with cytosolic FRET 
glucose sensor FLIPglu6001A13V in HEK293T cells'*. Individual cells were 
analysed by quantitative ratio imaging of CFP and Venus emission (acquisition 
interval 5 s; Fc/D corresponds to normalized emission intensity ratio’). 
HEK293T/FLIPglu600}1A13V cells were perfused with medium, followed by 
square pulses of increasing glucose (Gluc.) concentrations. Orange line 
indicates cells expressing sensor alone; blue line indicates cells co-expressing 
sensor and AtSWEET1; accumulation of glucose is shown by a negative FRET 
ratio change (blue line; mean — s.d.; n > 10). b, FRET imaging of glucose efflux 
from cytosol into ER. FLIPglu600HA13V"* was targeted to the ER lumen'® 
(compare with panel a; acquisition interval 10s; mean — s.d.; n > 10). 

c, Cartoon for SWEET influx across plasma membrane and efflux from cytosol 
to ER. Cytosolic FLIPglu600p1.A13V identifies glucose import from the 


was largely pH-independent (Supplementary Fig. 5). ALSWEET1 did 
not efficiently complement mannose, fructose and galactose uptake 
deficiencies of the mutant (Supplementary Fig. 6). Radiotracer experi- 
ments in Xenopus oocytes were used as another measure for 
AtSWEETI sugar uptake activity (Fig. 1g). Direct proof for efflux 
activity was obtained by monitoring time-dependent release of 
[‘*C]glucose from oocytes after injection of radiotracer (Fig. 1h). In 
support of the function in cellular uptake and efflux, a constitutively 
expressed AtSWEET1-yellow fluorescent protein (YFP) fusion loca- 
lized to the plasma membrane in Arabidopsis leaves (Fig. 1i). On the 
basis of expression studies, AtSWEETI1 is highly expressed in 
Arabidopsis flowers, where the protein may supply nutrients to the 
gametophyte or nectaries (Supplementary Fig. 7). The biochemical 
properties of AtSWEET1 are markedly similar to an unidentified 
transport activity characterized in roots using FRET sensors”. 
However, AtSWEETI expression in roots was low, implicating other 
AtSWEET paralogues for this function. 

SWEET1 belongs to a novel transporter family (PFAM PF03083) with 
17 members in Arabidopsis and ~21 in rice (Supplementary Fig. 8). 
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extracellular face (extracellular N terminus). FLIPglu600nA13V"* measures 
transport from the intracellular side (cytosolic C terminus). 

d, Complementation of yeast EBY4000 (ref. 17) lacking 18 hexose transporter 
genes with ALSWEET1, AtSWEETS, or yeast HXT5; control, empty vector. 

e, Glucose accumulation in EBY4000 co-expressing AtSWEET1 and 
FLII’*Pglu700p156 before and after glucose addition (two cycles before glucose 
addition; mean + s.d.; n = 3). f, Kinetics of [4c] glucose accumulation by 
AtSWEET1 in EBY4000 (mean = s.d., n = 3). g, ASSWEET1-mediated uptake 
of 1mM [C] glucose, [4c] galactose or (4C]sucrose into oocytes 

(mean + s.d.; 1 = 8 cells). h, [‘*C] glucose efflux from oocytes expressing 
AtSWEET1 (mean = s.e.; n = 10 cells; P< 0.0005). i, Confocal imaging of 
AtSWEET1-YFP in leaves of stably transformed Arabidopsis (panel 

width = 176 wm). j, Structural model of SWEETs based on hydrophobicity 
plots (duplication of three transmembrane helices; red/blue triangles). 


SWEETs fall into four subclades (Supplementary Fig. 8a) with 27-80% 
identity (Supplementary Fig. 8b). SWEETs are small proteins pre- 
dicted to form a pore from seven transmembrane helices (Supplemen- 
tary Fig. 9). Modelling indicates that the structure results from an 
ancient duplication of a 3-transmembrane-helix-domain polypeptide 
(1-3 and 5-7) fused via transmembrane helix 4 in a 3+1+3 con- 
figuration (Fig. 1)). 


Diverse roles for SWEET paralogues 
The phenotypes of several sweet mutants have been described. 
AtSWEETI (clade 1) is 42% identical to its paralogue AtSWEETS8 
(clade 2) (Supplementary Fig. 8b). ALSWEETS (also called RPG1) is 
expressed in the tapetum”°, and mutation of AtSWEETS causes male 
sterility, compatible with a role in glucose efflux for pollen nutrition”®’. 
AtSWEET1 and AtSWEETS8 share 31% and 34% amino acid 
sequence identity with rice OsSWEET11 (also called Os8N3 or 
Xal3; here named OsSWEET11 based on phylogeny)”. Similar to 
AtSWEET8, OsSWEET11 contributes to pollen viability, as RNA 
interference to OSSWEET11 reduced starch content in pollen and 
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caused male sterility in rice*’ (Supplementary Fig. 8b). Expression 
studies indicate that the import function of SWEETs may also contrib- 
ute to the nutrition of growing pollen tubes. Specifically, ALSWEET] is 
expressed in hydrated pollen and both AtSWEET1 and AtSWEETS are 
expressed highly in pollen tubes”. AtSWEETS (also called VEX1) is 
expressed in mature, hydrated and germinating pollen and is found 
specifically in the vegetative cell of pollen grains, which may supply the 
generative cell with sugars**. Silencing of the clade 3 SWEET homo- 
logue NECI from petunia also triggered male sterility. NECI is 
expressed in nectaries, and developmental regulation of NECI corre- 
lates inversely with nectarial starch content, indicating a second func- 
tion for NEC1 in sugar secretion in nectaries*°’. Hexoses, in particular 
galactose, fructose and glucose, accumulate in senescent leaves, and 
SWEET members may also function in mobilization of carbohydrate 
during senescence”®. The AtSWEET1S5 (also called SAG29) gene is 
induced ~22-fold in leaves during senescence”. Taken together, 
the SWEET sugar transporters probably supply carbohydrates to a 
variety of tissues in both monocotyledonous and dicotyledonous 
plants. Other SWEET members also function in glucose transport. 
For example, co-expression of AtSWEET8 with FRET sensors 
FLIPglu600HA13V or FLIPglu600pA13V*" in HEK293T cells leads 
to glucose transport across both plasma and ER membranes (Sup- 
plementary Fig. 10), and AtSWEET8 complements the yeast glucose 
transport mutant (Fig. 1d and Supplementary Figs 5 and 11). At least 
four additional Arabidopsis SWEET genes (AtSWEET4, AtSWEET5, 
AtSWEET7, AtSWEET13) also function in glucose transport when 
expressed in yeast or HEK293T cells (Supplementary Figs 5, 11 
and 12). 


Potential role of SWEETs in pathogen nutrition 


Many pathogens acquire glucose from their hosts””*”*, thus pathogens 


may highjack host sugar efflux systems dedicated for plant develop- 
ment. We tested whether mRNA levels of Arabidopsis SWEET family 
members were altered by challenge with bacterial and fungal patho- 
gens. Pseudomonas syringae pv. tomato strain DC3000 infection highly 
induced mRNA levels of AtSWEET4, AtSWEET5, AtSWEET7, 
AtSWEET8, AtSWEET10, AtSWEET12 and AtSWEETI5 in 
Arabidopsis leaves (Fig. 2). In contrast, the DC3000 type III secretion 
mutant (AhrcU), which cannot inject type III effector proteins into the 
host and is compromised in pathogenicity, did not induce three of the 
seven AtSWEET genes, demonstrating that SWEET mRNA abundance 
is modulated in a type-III-dependent manner (Fig. 2b). The fungal 
powdery mildew pathogen Golovinomyces cichoracearum induced a 
different set of ALSWEET mRNAs, most prominently AtSWEET12 
(Fig. 2a, c), and previous expression data have shown that infection 
with the fungal pathogen Botrytis cinerea induces expression of 
AtSWEET4, AtSWEETI15 and AtSWEET17 (ref. 28). Pathogen-specific 
modulation of SWEET mRNA levels, therefore, probably alters sugar 
efflux at the site of infection, having an impact on pathogen growth and 
plant immunity. 

OsSWEET11 underlies the dominant allele (Xa13) of the recessive 
resistance gene xa13 (refs 21, 29, 30). Susceptibility alleles of xa13 
confer disease resistance against bacterial blight and have been iso- 
lated from geographically diverse rice accessions*’. All alleles tested 
carry mutations in the promoter region of the OSSWEET11 gene and 
interfere with pathogen-specific induction of the gene**’. RNA inter- 
ference of rice OsSSWEET11 confers resistance to the Xanthomonas 
oryzae pathovar oryzae (Xoo) strain PXO99", which otherwise grows 
in the apoplasm and xylem of the host. OSSWEET11 may, therefore, 
supply sugars to the pathogen by a uniport mechanism as demon- 
strated for the Arabidopsis homologues (Fig. la-h and Supplementary 
Figs 10-12). Consistent with cellular import/efflux functions, 
OsSWEET11 localizes to the plasma membrane in rice callus”. 
OsSWEET11 is less efficiently targeted to the plasma membrane of 
HEK293T cells compared to AtSWEET1 (Fig. 3a). Nevertheless, weak 
uptake activity was observed in HEK293T cells and oocytes (Fig. 3b, c). 
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Figure 2 | Biotrophic bacteria or fungi induce mRNA levels of different 
SWEET genes. a, Induction of AASWEET mRNAs by either the bacterium 
Pseudomonas syringae pv. tomato DC3000 (2 X 10° c.f.u.ml', 8h after 
inoculation, measured by qPCR, normalized by MgCl, buffer treatment), 
powdery mildew fungus G. cichoracearum (~25-35 conidiospores per mm”, 
48 h after inoculation, measured by qPCR; normalized to 0h values), or by 
Botrytis cinerea (from microarray study~*) in Arabidopsis leaves. ND, not 
detectable. b, Induction of ALSWEET4, ALSWEETS5 and AtSWEET15 by P. 
syringae DC3000 depends on a functional type III secretion system (T3S). 
Samples were collected at 6, 12 and 24h after infiltration with 2 x 10° 
c.f£u.ml | of DC3000 or DC3000 AhrcU, a T3S mutant. c, Infection by G. 
cichoracearum leads to induction of ALSWEET11 and AtSWEET12 but 
downregulation of AtSWEET15. 


Infection of rice by Xoo PXO99“ requires the bacterial type III 
effector gene pthXol (ref. 21). PthXol is a TAL (transcriptional 
activator-like) effector, which directly interacts with the OsSWEET11 
promoter as shown by chromatin immune precipitation (Fig. 3d), as 
well as transient co-expression in Nicotiana benthamiana leaves (Sup- 
plementary Fig. 13)°?**. PthXol secreted by Xoo PXO99%* specifically 
activates transcription of OsSWEET1]1 (ref. 21), presumably to induce 
sugar efflux to feed bacteria in the xylem and/or apoplasm (Fig. 4a). 
When pthXo1 is mutated (as in strain PXO994ME2), transcription of 
OsSWEET11 and pathogenicity are reduced’, consistent with a model 
of sugar supply limiting growth of the pathogen (Fig. 4b). If 
OsSWEET11 becomes unavailable owing to mutations in the TAL 
effector binding element of the OsSWEET11 promoter, or through 
RNA interference”**’, the sugar supply becomes limiting and the 
pathogen cannot grow efficiently (Fig. 4c). Indeed, ossweet11 (xa13) 
mutants are resistant to PXO99* (ref. 21). xa13-mediated resistance 
can be defeated by PXO99“ expressing the alternative TAL effector 
gene avrXa7 (Fig. 4d), compatible with the most parsimonious hypo- 
thesis that another OsSWEET gene is co-opted by the pathogen to 
support bacterial growth’. Indeed, AvrXa7 activates the paralogue 
OsSWEET14 (ref. 33). OSSWEET14 is targeted more efficiently to 
the plasma membrane in HEK293T cells (Fig. 3e) and mediates glucose 
import in HEK293T cells and oocytes (Fig. 3c, f, h and Supplemen- 
tary Fig. 14). OSSWEET14 also functions as a low-affinity transporter 
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Figure 3 | Type-III-effector-specific induction of 
OsSWEET genes in rice disease. a, Targeting of 
OsSWEET11 to the plasma membrane of 
HEK293T cells (panel width = 61 jim). b, Co- 
expression of OsSSWEET11 with cytosolic FRET 
glucose sensor FLIPglu600pHA13V in HEK293T 
cells (compare to Fig. 1a; significant above control 
in 4 of 6 experiments). Truncated OSSWEET11 
with premature stop codon at phenylalanine 205 
(F205*) served as negative control (mean — s.d., 
n> 10). ¢, Glucose uptake (1 mM) mediated by 
OsSWEET11 and OsSWEET 14 in oocytes 

(mean = s.d., n = 7). d, Enrichment of 5'- 
upstream OsSWEETI1 promoter DNA upon 
infection of rice with PXO99“ containing Flag- 
tagged PthXol1-2F. e, Efficient targeting of 
OsSWEET11 to the plasma membrane of 
HEK293T cells (panel width = 61 jim; mean = s.d.; 
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mediated by OSSWEET 14 (50 nl of 50 mM glucose 
injected; mean + s.e.,n = 7). 
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(Fig. 3h), mediating efflux in both HEK293T cells and oocytes (Fig. 3g, 
i). Our findings support a model that, besides inhibition of plant 
immunity, type II effectors and some TAL effectors can function 
specifically in diverting nutritional resources from the host**”. 


Metazoan SWEETs as glucose transporters 


SWEET homologues (SLC50) are also widespread in metazoan 
genomes and predicted to consist of seven transmembrane helices in 
a3+1+3 configuration (Fig. 1j and Supplementary Figs 8 and 9). The 
C. elegans genome contains seven SWEET genes (CeSWEET), whereas 
the human genome contains a single homologue, which we name 
HsSWEETI (also called RAGIAP1). CeSWEET1 mediated glucose 
accumulation in HEK293T cells when co-expressed with the sensor 
FLII’*Pglu700156 (ref. 16), as well as efflux from the cytosol to the ER 
(Fig. 5a, b). Both N- and C-terminal GFP fusions of CCSWEET1 were 
functional in cellular glucose uptake (Supplementary Fig. 15) and 
localized primarily to the Golgi, with lower levels at the plasma 
membrane of HEK293T cells (Fig. 5c, d). CeSWEET1 mediated 
['*C]glucose and ['*C]galactose uptake when expressed in oocytes 
(Fig. 5e, f). Similar to OSSWEET14, CeSWEET1 glucose uptake did 
not saturate up to 50 mM, indicating that it is a low-affinity transporter 
(Fig. 5g). CSSWEET1 expression in oocytes can also increase glucose 
efflux (Fig. 5h). RNAi inhibition of CeSWEET1 affected fat accumula- 
tion in worms, compatible with a defect in cellular glucose efflux leading 


Figure 4 | Model for the function of SWEET transporters in plant 
pathogenesis. a, The pathogenic Xoo strain PXO99" injects TAL effector 
PthXol via the type III secretion system into rice cells. PthXol directly induces 
OsSWEET11 leading to sugar efflux. Bacteria take up glucose and multiply. 
b, PXO99" pthXo1 mutant (PXO99"ME2) leads to loss of OsSWEET11 
induction and reduced bacterial growth (indicated as reduced size of 
bacterium). c, Mutation of the OSSWEET11 effector binding element (EBE) 
leads to loss of PthXol-mediated induction and reduced bacterial growth. 

d, Bacteria expressing effector AvrXa7 can circumvent loss of OsSSWEET11 
induction by inducing OsSWEET14. 
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Figure 5 | Metazoan SWEET transporters. a, Detection of CSSWEET1 
glucose uptake in HEK293T cells by co-expressing FLII'?Pglu700}186 (see 
legend under Fig. 1a) (mean + s.d.,n = 10). b, Detection of CSSWEET1 glucose 
efflux into the ER of HEK293T cells by co-expressing FLII’*Pglu700186 (see 
legend under Fig. 1b) (mean + s.d., n = 10). ¢, d, Localization of GFP- 
CeSWEETI (c) and CeSWEET1-GFP (d) fusions in HEK293T cells. 

e, ['*C]sugar uptake (5 mM) in Xenopus oocytes by CSWEET1, HsSWEET1 
(full length HsSWEET1; splice variant HSSWEET1-2; mean + s.d., n = 8), 
di-leucine motif mutant (HsSsWEET1m) and deletion mutant G194*. 


to lipid accumulation**®. Mutations in the homologue CiSWEET1/Ci- 
RGA from the sea squirt Ciona leads to early developmental defects, 
underlining the importance of SWEETs in metazoa’’. 

The human homologue HsSWEET1 did not show significant glu- 
cose uptake in yeast and oocytes (Fig. 5e and Supplementary Figs 6 
and 11). However, HsSWEET1 mediated weak efflux activity in 
oocytes (Fig. 5i). The efflux activity was not caused by unspecific 
leakiness of oocytes as efflux of other sugars was not increased in cells 
expressing HsSWEET1 or CeSWEET1 (Supplementary Fig. 16). 
Thus, HsSWEET1 either rectifies or, alternatively, might be involved 
in exocytosis. In contrast to the plant homologues, and compatible 
with vesicular efflux, HsSSWEET1 localized to the Golgi of HEK293T 
cells with minimal presence at the plasma membrane (Fig. 5j and 
Supplementary Figs 17-19). Mutation of the potential di-leucine 
internalization motif at the C terminus* did not lead to increased 
plasma membrane localization or increased transporter activity 
(Fig. 5e and Supplementary Fig. 18). Expression data indicate ubiquit- 
ous expression throughout human tissues and cell lines, with highest 
expression in oviduct, epididymis and intestine (Supplementary Fig. 
20). Immunolocalization data from the Human Protein Atlas are con- 
sistent with a localization in absorptive enterocytes**’. Moreover, 
mouse MmSWEET]1 expression was induced in the mammary gland 
during lactation (Supplementary Fig. 21). Localization is compatible 
with a function in supplying glucose to the Golgi for lactose synthesis 
and secretion”. 

Our findings provide new insights into processes that involve sugar 
efflux from human cells. The human genome contains two additional 
classes of glucose transporters”. GLUTs are uniporters, whereas 
SGLTs are Na‘ -coupled co-transporters. GLUTs and SGLTs probably 
handle most of the uptake activities found in human cells. GLUT2 had 


Time (min) 


f, Time-dependent [‘*C] glucose uptake by CSSWEET1 in oocytes (mean + s.d., 
n= 8). g, Concentration-dependent ['*C] glucose uptake by CeSWEET1 in 
oocytes (mean + s.d., n = 8). h, Efflux measurements from oocytes expressing 
CeSWEET1 (mean = s.e.; n= 8 cells; P< 0.01 after 5 min; 50 nl of 50 mM 
sugar injected). i, Efflux measurements from oocytes expressing HsSsWEET1 
(mean = s.e.; n = 8 cells; P< 0.05). j, lmmunolocalization of HSSWEET1 in 
HEK293T cells (merged channels: immuno-labelled HsSSWEET1, red; Golgi 
marker, green; nuclei, blue). 


originally been thought to be responsible for both import and efflux of 
glucose in liver and intestine. However, glucose efflux from GLUT2- 
null hepatocytes and GLUT2 knockout mice appeared unaffected*~. 
Oral glucose load of GLUT2 knockout mice resulted in normal rates of 
glucose appearance in the blood’. Similarly, people affected with 
Fanconi-Bickel syndrome, caused by GLUT2 mutations*’, do not 
show abnormal carbohydrate ingestion, a process that requires efflux 
from intestinal cells**. These findings led to the hypothesis for alternative 
efflux routes**. HsSWEET1 is thus a candidate for the postulated 
alternative vesicular glucose efflux from the intestine and liver cells 
(Supplementary Fig. 22). 

A new class of sugar transporters is described, members of which 
have been shown to function as uniporters and are thus able to sup- 
port import and efflux of sugars from cells. SWEETs undoubtedly 
have many important native functions, including the supply of 
carbon skeletons and energy to the gametophyte in plants and cellular 
glucose efflux in animals. Our findings also support the model that in 
addition to the inhibition of plant immunity, type III effectors are 
involved in accessing nutritional resources of host plants***°. Notably, 
the founding member of the SWEET family, MtN3, was identified as a 
nodulin-specific EST in the legume Medicago truncatula and may 
have a role in symbiotic Rhizobia* nutrition. Knowledge of the full 
spectrum of pathogen effector molecules, and how they manipulate 
plant transport and metabolism to favour pathogen growth, will 
improve our understanding of host-pathogen interactions and may 
lead to new strategies for combating pathogen infections, which at the 
global scale lead to crop losses of over 10% annually**. Moreover, 
analysis of the complete SWEET family may help to solve some of 
the mysteries of pollen nutrition, nectar production and carbon 
sequestration. 
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METHODS SUMMARY 


Cell culture, transfection, image acquisition and FRET analysis were performed as 
described previously'®. Yeast complementation and uptake assays were per- 
formed in EBY4000 (ref. 17). Tracer uptake and efflux assays were performed 
in Xenopus oocytes’. Arabidopsis Col-0 plants were grown in growth chambers 
under 8h light/16 h dark at 22°C. qPCR was performed with gene-specific 
primers (Supplementary Table 1). See Methods for details. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

qPCR and RT-PCR analysis. Total RNA was extracted from HepG2 or 
HEK293T cells using an RNeasy MINI kit (Qiagen), first strand cDNA was 
produced (New England Biolabs) and fragments of the predicted length were 
obtained by RT-PCR using a set of GLUT and SGLT primers published previ- 
ously**. Samples were separated on a 2% agarose gel. For samples inoculated by 
Pseudomonas syringae pv. tomato DC3000, total RNA was extracted from the 
leaves using Trizol reagent (Invitrogen). Real-time quantitative PCR (qPCR) was 
performed using HotStart-IT SYBR Green qPCR Master Mix (USB) according to 
the manufacturer’s instructions on a 7300 PCR system (Applied Biosystems). 
Actin (ACTS8) expression was used to normalize expression values in each sample; 
expression values were determined relative to the value of the sample infiltrated 
with 1mM MgCl, buffer at each time point using the comparative 2744“ 
method”’. For samples infected by G. cichoracearum or X. oryzae pv. oryzae, 
qPCR assays were performed using a LightCycler 480 (Roche). For quantification, 
relative transcript levels for each gene were normalized to ACTS following the 
2744 method". Fold change was calculated relative to the untreated sample. 
Analysis was repeated twice independently. The observed induction is confirmed 
by microarray data (Genevestigator)”’. 

Constructs. AtSWEET1, AtSWEETS8, OsSWEET11 and OsSWEET14 ORFs were 
amplified by RT-PCR using specific primers from Arabidopsis and rice, respec- 
tively. First-strand cDNA from rice was provided by P. Ronald. SWEET ORFs 
were cloned into pDONR221 (Invitrogen) or pDONR221-f1 (ref. 51). Truncated 
versions of AtSWEET1-L198*, OsSWEET11-F205* and OsSWEET14-F203* 
were generated by introducing stop codons in transmembrane helix 7 by site- 
directed mutagenesis. All entry constructs were transferred to pDRf1-GW (ref. 52) 
and pOO2-GW (D. Loqué, unpublished results) by Gateway LR recombination 
reactions (a recombination reaction between an entry clone (containing attL) anda 
destination vector (containing attR), mediated by a host of recombination proteins 
to generate an expression clone (Entry Clone + Destination Vector Expression 
Clone)) (Invitrogen). AtSWEETI was cloned into p112-A1NE-GW for yeast co- 
transformation with FLII'*Pglu700p86 in pDRf1-GW (ref. 18). Plasmid p112- 
A1NE-GW was generated by inserting a Gateway cassette into the Smal restriction 
site of p112-A1NE”. For radiotracer experiments, ORFs with stop codons for 
AtSWEETI1, OsSWEET11 and OsSWEET14 were cloned into the pOO2-GW by 
Gateway LR recombination reactions. 

The full-length splice variant HsSWEETI-1 in pDNR-LIB was obtained from 
Open Biosystems (Clone ID 4076256). The truncated form HsSWEET1-G194* 
was generated by introducing a stop codon at leucine 194 by site-directed muta- 
genesis”. Site-directed mutagenesis was used to mutate the putative internaliza- 
tion motif (HsSsWEET1m Y216A, L218A, L219A). Products were cloned by in 
vitro BP recombination (Invitrogen) into pDONR221-f1, then mobilized into 
pOO2-GW by LR reactions. The shorter splice variant HsSWEETI1-2 from 
Open Biosystems (Clone ID 3896154) in pCMV-SPORT6 was transferred into 
pOO2-GW by in vitro LR recombination. CeSWEET1 (K02D7.5, Open 
Biosystems) was cloned into pOO2-GW using an LR reaction. The ORF of 
AtSWEETI without stop codon was cloned into the binary vector pX-YFP-GW 
by an LR reaction. AtSWEET1, OsSWEET11, OsSWEET14, CeSWEET1 and 
HsSWEET]I without stop codons were cloned into C-terminal GFP fusion vector 
pcDNA-DEST47 (Invitrogen) for localization studies. AtSWEET1, CeSWEETI and 
HsSWEETIwith stop codons were cloned into the N-terminal GFP fusion vector 
pcDNA-DESTS53 (Invitrogen) for localization studies. For yeast growth assays, 
ORFs were expressed from pDRf1-GW. For GFP localization in yeast, ASWEET1 
and the truncated AtSWEETA198 were cloned in vector pDR-GW-eGFP”. 
FRET analysis. Mammalian cell culture, transfection, image acquisition and 
FRET analysis were performed as described'>”’. 

Yeast expression. The strain EBY4000 (hxt1 through -17A::loxP gal2A::loxP 
stl1A::loxP agt1A::loxP ydl247wA::loxP yjr160cA::loxP)'’ was transformed with 
AtSWEETI, AtSWEETS8 and HXTS5 and grown on SD (synthetic deficient) medium 
supplemented with 2% maltose and auxotrophic requirements. For complementa- 
tion growth assays, cells were grown overnight in liquid minimum medium to an 
optical density at 600 nm (ODg0o9) of ~0.6, then ODgoo was adjusted to ~0.2 with 
water. Serial dilutions (1, *5, X25 and X 125) were plated on SD media contain- 
ing either 2% maltose (as control) or 2% glucose plus respective auxotrophic 
requirements. Growth was documented by scanning (CanoScan, Canon) after 
2-5 days at 30°C. 

Yeast uptake. Yeast cells were grown in SD medium supplemented with 2% 
maltose and auxotrophic markers. Cells were harvested at ODgoo 0.5-0.7 by 
centrifugation, and washed twice in ice-cold distilled water. Cell pellets were 
weighed after supernatant had been removed. Cells were re-suspended 5-10% 
(w/v) in 40 mM potassium phosphate buffer, pH 6.0. Cells were pre-incubated in 
potassium phosphate buffer for 5 min at 30°C. For each reaction, 330 ul pre- 
warmed buffer containing 20mM _ glucose (0.55 pCi D-[U-’C] glucose; 
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590kBq mol ', Amersham) was added to an equal volume of cells. 120 pl 
aliquot were withdrawn and transferred to ice-cold water. Cells were harvested 
by vacuum filtration onto a glassfibre filters (GF/C, Whatman), and washed twice 
in 10 ml ice-cold water. Filters were transferred to scintillation vials containing 
5 ml Ultima Gold XR Scintillation liquid (Perkin Elmer). Radioactivity taken up 
by the cells was measured by liquid scintillation spectrometry. To determine the 
pH-dependence of AtSWEET1 activity, 40mM potassium phosphate uptake 
buffer at specified pH was used. Three independent transformants were used 
for each uptake experiment. 

Xenopus oocytes isolation and RNA injection. After linearization of the pOO2 
plasmids with Mlul, capped cRNAs were synthesized in vitro by SP6 RNA poly- 
merase using mMESSAGE mMACHINE kit (Ambion, Inc.). Xenopus laevis 
oocytes were provided by M. Goodman. Microinjection was carried out as 
described*”**. 25-50ng cRNA was injected into healthy looking oocytes 
(RNase-free water was used as control). Oocytes expressing AtSWEET1 were 
maintained at 18°C in modified Barth’s saline (MBS, in mM: 88 NaCl, 1 KCl, 
2.4 NaHCO, 0.82 MgSO,, 0.33 Ca(NOs)3, 0.41 CaCl, 20 HEPES-Tris, pH7.5) 
with 100 1M gentamycin, 100 U ml! penicillin and 100 [1M streptomycin solu- 
tion for 2-3 d. Incubation buffer was changed every 24h. For all other SWEETs, 
injected oocytes were maintained in L-15 oocyte medium (7.4g1 ' Leibovitz’s 
L-15 medium (Sigma), 3.57g 1 ' HEPES pH7.5) with 100 mgl * gentamycin. 
Tracer uptake in Xenopus oocytes. The assay was performed with modification 
as described previously’. Two days after injection, groups of 7-16 oocytes were 
transferred into tubes containing 200 yl Na-Ringer (in mM: 115 NaCl, 2 KCl, 
1MgCh, 1.8CaCl,, 10HEPES-Tris, pH 7.5) 100mgl~' gentamycin and 
D-glucose (4 Ci ml! p-['*C(U)]-glucose; PerkinElmer), galactose (4 Ci ml! 
p-[1-'4C]-galactose; American Radiolabelled Chemicals) or sucrose (4 Ciml ! 
p-['“C(U)]-sucrose; PerkinElmer). After incubation at 20°C, cells were trans- 
ferred to ice-cold Na-Ringer, washed three times, solubilized with 100 pl 1% (w/v) 
SDS, and measured individually. 

Tracer efflux assay in Xenopus oocytes. Efflux was measured as described”*. Two 
days after CRNA injection, oocytes were injected with 50 nl solution containing 5, 
10 or 50 mM p-glucose or sucrose with 0.18 Ci pl * p-[/*C(U)]glucose. Cells 
were immediately washed once in Na-Ringer (except AtSWEET1 in MBS). At 
defined time points, reaction buffer (450 pl; except ALSWEET1 in 950 ul) was 
removed for scintillation counting. Oocytes were solubilized with 1% SDS and 
analysed for retained radioactivity. 

Analysis of glucose accumulation in yeast cells by FRET sensors. FRET mea- 
surements in yeast cells were performed as described'*. 

Plant growth and pathogen infection. Arabidopsis Col-0 plants were grown in 
growth chambers under 8h light/14h dark at 22 °C. Five-week-old leaves were 
infiltrated with a 1mM MgCl, buffer, 2X 10° c.f.u. ml”! Pseudomonas syringae 
pv. tomato DC3000 or Pseudomonas syringae pv. tomato DC3000 AhrcU suspen- 
sions in 1 mM MgCl, using needleless syringes. Leaf samples were collected after 
6, 12 and 24-h incubation in the light. G. cichoracearum inoculation was per- 
formed as described”’. Plants were placed in a ‘settling tower’ (cardboard box) and 
inoculated with G. cichoracearum spores by holding infected squash leaves over 
the settling tower and using compressed air (duster cans) to blow spores off of the 
squash leaves for settling onto Arabidopsis plants. Inoculum density was ~25-35 
conidiospores per mm”. After inoculation, plants were incubated for 1 hina dark 
dew chamber, then transferred to a growth chamber at 16h day length, 70% 
relative humidity. 

Chromosome immune precipitation (ChIP) assay. Two-week-old rice seedlings 
(cultivar IR24) were infected with Flag-tagged effector X. oryzae pv. oryzae strains 
ME2(avrXa7-2F) or ME2(pthXo1-2F) at ODgo9 0.5. At 20h after inoculation, 
ChIP complexes were prepared from 3.0g of inoculated leaf tissue for each 
treatment. Immune complexes were prepared as described® with minor modifi- 
cations. Effector-associated DNA complexes were immunoprecipitated using 
monoclonal Flag antibody (Sigma, 124gml-'). The same amount of mouse 
nonspecific IgG antibody was added in the control. Enriched DNA obtained 
was analysed by real-time qPCR using promoter and 3’ UTR specific primers 
(provided Supplementary Table 3). Two microlitres of eluted DNA was used in 
each reaction. qPCR and analysis was performed as described above. Values are 
expressed as a ratio of the 2-44 value from Flag-tagged antibody precipitate 
complexes over the 2~ “4“' value of the nonspecific IgG complexes. PXO99*ME2 
(avrXa7-F2) served as control for effector specificity. 

Alignment and phylogenetic analysis. Multiple alignment of SWEET amino 
acid sequences was performed with CLUSTALW” using default parameters, 
and a phylogenetic analysis was performed using the software Mega V3.1. 
Bootstrapping was performed 1,000 times to obtain support values for each 
branch. For pair-wise comparison, multiple alignments of complete amino acid 
sequences were conducted using the Vector NTI advance 11.0. 
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Confocal microscopy. Fluorescence imaging of plants and mammalian cells 
expressing AtSWEET1-YFP, AtSWEET8-YFP, CeSWEET1-GFP, GFP- 
CeSWEET1, OsSWEET11-GFP and OsSWEET14-GFP was performed on a 
Leica TCS SP5 microscope. YFP was visualized by excitation with an argon laser 
at 514nm and spectral detector set between 525 and 560 nm for the emission. 
GFP was visualized by excitation with an argon laser at 488 nm and spectral 
detector set between 500 and 545 nm for the emission. Specimens were observed 
with 40/0.75-1.25NA HCX PL APO CS objective. 
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Structure and control of the actin 
regulatory WAVE complex 
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Junko Umetani'?, Daniel D. Billadeau?, Zbyszek Otwinowski! & Michael K. Rosen’? 


Members of the Wiskott- Aldrich syndrome protein (WASP) family control cytoskeletal dynamics by promoting actin 
filament nucleation with the Arp2/3 complex. The WASP relative WAVE regulates lamellipodia formation within a 
400-kilodalton, hetero-pentameric WAVE regulatory complex (WRC). The WRC is inactive towards the Arp2/3 
complex, but can be stimulated by the Rac GTPase, kinases and phosphatidylinositols. Here we report the 
2.3-angstrom crystal structure of the WRC and complementary mechanistic analyses. The structure shows that the 
activity-bearing VCA motif of WAVE is sequestered by a combination of intramolecular and intermolecular contacts 
within the WRC. Rac and kinases appear to destabilize a WRC element that is necessary for VCA sequestration, suggesting 
the way in which these signals stimulate WRC activity towards the Arp2/3 complex. The spatial proximity of the Rac 
binding site and the large basic surface of the WRC suggests how the GTPase and phospholipids could cooperatively 


recruit the complex to membranes. 


Members of the WASP family are central to the control of cellular 
actin dynamics’ *. These proteins receive information from multiple 
signalling pathways and respond by promoting the actin nucleating 
activity of the ubiquitous Arp2/3 complex. In this way, WASP proteins 
control actin assembly spatially and temporally in processes including 
cell migration, polarization, adhesion and vesicle trafficking. 

The WASP family is defined by a conserved C-terminal VCA motif 
(for the verprolin-homology, central and acidic regions), which binds 
and activates the Arp2/3 complex'’. This element must be tightly 
regulated to ensure proper spatial and temporal control over actin 
assembly. In the best-understood family members, WASP and 
N-WASP, the VCA is autoinhibited by intramolecular interactions 
with a regulatory element termed the GTPase binding domain 
(GBD)*. Various ligands can bind to WASP/N-WASP simulta- 
neously, and destabilize GBD-VCA contacts, leading to activation’’. 
Activation of all family members appears to be restricted to mem- 
branes. Superimposed on allosteric control and coupled with mem- 
brane recruitment, the activity of WASP proteins can be substantially 
increased by dimerization, or more generally oligomerization/clustering 
at membranes’. 

Although WASP and N-WASP can exist independently in cells, 
WAVE proteins are constitutively associated with four additional 
proteins inside cells: Sral/Cyfip1, Nap1/Hem-2, Abi and HSPC300 
(refs 6 and 7). The components of this ~400-kDa pentamer, termed 
the WRC, have all been implicated in control of Arp2/3-complex- 
mediated actin assembly in a wide range of systems’*. Sral/Cyfip1 also 
has a distinct role in translational control’”°. WAVE proteins lack an 
inhibitory GBD, and the mechanism of VCA regulation within the WRC 
is not known. The WRC can be activated by a wide range of stimuli, 
including the Rac GTPase and acidic phospholipids®'*, which appear 
to act cooperatively at the plasma membrane’*"*. Furthermore, compo- 
nents of the WRC can be phosphorylated at numerous positions (http:// 
www.phosphosite.org/proteinAction.do?id=7256&showAllSites= true), 
with some modifications enhancing signalling activity'*’’. The 


mechanisms by which ligands act individually and cooperatively to 
recruit and activate the WRC are not known. 

Here we report the 2.3-A crystal structure of the WRC and com- 
plementary biochemical and cell biological analyses. The combined 
data reveal how the WAVE VCA is inhibited within the complex and 
provide plausible mechanisms for WRC activation by Rac and phos- 
phorylation, and for cooperative membrane recruitment by Rac and 
phospholipids. Our analyses provide an integrated picture of how the 
WEC orchestrates multiple signalling pathways to control actin poly- 
merization at the plasma membrane. 


Overall structure of the WRC 

To facilitate crystallization of the WRC we genetically deleted the 
C-terminal proline-rich region and SH3 domain of Abi2, and replaced 
the proline-rich region of WAVEI1 with an 18-residue linker. Sral, 
Nap1 and HSPC300 were full-length. The resulting miniWRC is 
inactive towards the Arp2/3 complex but can be stimulated by 
Racl-GMPPNP”. 

Crystals of miniWRC contained one complex in the asymmetric unit 
and diffracted to 2.3A at a synchrotron light source. Phases were 
obtained by multiple isomorphous replacement with anomalous scatter- 
ing (MIRAS) using preparations containing selenomethionine-labelled 
Sral and Nap1 (Supplementary Table 1). The final structure was refined 
to Rwork/Rtree = 18.8%/23.7%. MiniWRC has an elongated shape with 
approximate dimensions of 200A x 110A X 80A (Fig. 1). Two- 
dimensional class averages from electron micrographs of negatively 
stained miniWRC and full-length WRC are indistinguishable, and 
have dimensions similar to the crystal structure (Supplementary Fig. 1). 
The structure of miniWRC is thus probably a faithful representation of 
the structured elements of the WRC. 

MiniWRC can be delineated into two subcomplexes: an Sral:Nap1 
dimer and a WAVE1:Abi2:HSPC300 trimer (Fig. 1). Sral and Nap1 
have homologous structures (see below) and interact extensively to 
create an elongated pseudo-symmetric dimer, which forms a platform 
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Figure 1 | MiniWRC structure. a, Stereo view of miniWRC. Sral, Napl1, 
WAVE, Abi2 and HSPC300 are green, blue, magenta, orange and yellow, 
respectively. The A-region (residues 545-559), «6-V region linker (residues 
185-485) and the sequence connecting V- and C-helices (residues 519-528) are 


for the trimer (Supplementary Fig. 2). The amino (N)-terminal helix 
of Sra] links to the rest of the complex through a flexible sequence that 
lacks electron density (residues 23-56), and contacts an adjacent 
molecule in the crystal lattice (Supplementary Fig. 3). The trimer 
contacts the Sral:Nap1 dimer in a tripartite manner. A long four-helix 
bundle created by a helix from HSPC300 (residues 14-68), two helices 
from Abi2 (residues 1-39 and 43-112) and a helix from WAVE1 
(residues 26-81) contacts Sral extensively and is aligned roughly 
parallel to the long axis of the dimer (Supplementary Figs 4 and 5). 
The most extensive contacts are made by HSPC300, which is sandwiched 
between Sral and Abi2:WAVEI across the entire length of its helix. 
The ‘homeo-domain homologous region’ of Abi2 (residues 112-155)°° 
adopts an extended conformation running around the rim of a large 
cavity on Nap1 (Supplementary Fig. 6). The carboxy (C) terminus of 
WAVE], including the V- and the C-regions, forms an irregular, 
loosely packed chain that lies against a concave surface of Sral adjacent 
to the long side of the four-helix bundle. As detailed below, interactions 
of elements in the C terminus of WAVE] with Sral and each other are 
central to the regulation of WRC activity. 

The structure reveals that Sral and Nap1 have the same domain 
organization; their coordinates can be superimposed with a root mean 
square deviation (r.m.s.d.) of 6.9 A for 681 Cx. atoms with Dali Z-score 
17.9 (Supplementary Fig. 7)”'. Thus, they belong to the same protein 
family despite their low sequence identity (13%). Homology between 
Sral and Nap] is also supported by HHpred”’, which showed addi- 
tional human members of this family that are similar in size: 
KIAA1033/SWIP and Strumpellin, with similarity extending over 
their entire lengths. When analysed pairwise, SWIP is more similar 
to Sral and Strumpellin is more similar to Napl. We and others 
recently reported that SWIP and Strumpellin form a pentameric com- 
plex (SHRC, for WASH Regulatory Complex) containing the proteins 
CCDC53 and Fam21, and another WASP family member, WASH”. 
Within the SHRC the WASH VCA is inactive”. HHpred and bio- 
chemical analyses suggest that CCDC53, and the N termini of WASH 
and Fam21 are structurally and/or functionally similar to HSPC300 
and the N termini of WAVE and Abi, respectively”. These many 
similarities, coupled with the similar overall shape of the WRC 
and SHRC”, suggest that the SHRC is analogously organized as a 
large SWIP:Strumpellin platform bound to a helical bundle of 
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WASH:CCDC53:Fam21, with the WASH VCA sequestered by a 
similar mechanism. 

We validated the structural organization observed in the crystal 
by replacing wild-type WAVE2 in HeLa cells with mutants target- 
ing the trimer interface. Mutating the WAVE-HSPC300 interface 
(I50D/L54Dwave2) or the WAVE-HSPC300/Abi interface (L40D/ 
F51Dwave2) appreciably decreased co-immunoprecipitation of 
WAVE2 with the four other components of the WRC (Supplemen- 
tary Fig. 4), consistent with structural predictions. 


Mechanism of WRC inhibition 


The structure explains the inhibited nature of the WRC. In the com- 
plex, the WAVE1 VCA is bound by a conserved surface of Sral and 
residues 82-184 of WAVE1, which form five helices («2-16) and a 
series of intervening loops. This element of WAVEI traces a mean- 
dering path across a concave surface of Sral, and we refer to it as the 
‘meander region’ (Fig. 2a and Supplementary Fig. 8). Contacts between 
the meander region and Sral bury over 2,100 A? (about 56% of the total 
WAVE!1-Sral interface; Supplementary Fig. 9). The meander 
sequence is highly conserved among the different WAVE proteins 
(Supplementary Fig. 8), as is its contact surface on Sral, suggesting 
that its interactions and irregular structure are conserved. 

The V- and C-regions of the VCA lie on the surface of Sral and form 
two amphipathic helices (residues 500-514 and 531-543, respectively) 
that also pack against «2 and «6 of WAVEI, respectively (Sup- 
plementary Fig. 10). The A-region of the VCA (residues 545-559) is 
probably disordered, given that it is not observed in the electron density. 
During actin filament nucleation, the V-region recruits an initial actin 
monomer to the nascent filament, while the C- and A-regions con- 
tribute binding energy and induce activating conformational changes 
in the Arp2/3 complex*®”’. The structure and complementary experi- 
mental data below indicate that sequestration of both the V- and the 
C-regions by Sral and the meander region of WAVE1 underlies VCA 
inhibition within the WRC. 

Inhibition of the V-region involves a combination of contacts to 
actin-binding residues and induction of structure that is incompatible 
with actin binding (Fig. 2b). In the complex of the V-region of 
WAVE? with actin”, residues equivalent to 497-507 of WAVE] form 
a helix that inserts into the cleft between actin subdomains 1 and 3. 


©2010 Macmillan Publishers Limited. All rights reserved 


Meander ~ ==" 
region ———. 5 a 
“< 
lea 


d e 
> 50 > 60 
7) @ 5 
5 40 5 
= £4 
@— 30 o> 
a3 EEE 
B= 20 gs 
Dn H 2 
g 2 
6 10 o | 
= = 
iL x 


Oo 


ie) 
1,000 0 200 400 600 800 
Time (s) 


Oo 


200 400 600 800 
Time (s) 
Figure 2 | Mechanism of WRC inhibition. a, MiniWRC (rotated 90°about a 
horizontal axis from Fig. 1a). Sral and Nap] are grey surfaces with conserved 
residues shown in green and cyan, respectively. Ribbons coloured as in Fig. 1. 
The meander region is indicated with a dashed line. b, V-helix-Sral 
interactions. Hydrogen bonds are dashed. Green dots indicate actin-binding 
residues. c, C-helix binding interface. Green dots indicate residues important 
for Arp2/3 activation. d, e, Arp2/3-mediated pyrene-actin assembly assays of 
miniWRC mutants. a.u., arbitrary units. d, L697D/Y704Dg,;-miniWRC (light 
blue), L841 A/F844A/W845A¢,a1-miniWRC (green), with Sral mutated at C- 
and V-helix binding site, respectively; miniWRC (brown); control (dark blue); 
VCA (magenta). e, W161E/K162Dwayvei-miniWRC (green), with WAVE1 
mutated at the C-helix contact site; miniWRC (brown); control (dark blue). 


Residues equivalent to 508-516 are extended, and the Ile 509 and 
Arg 512 equivalents contact actin. In the structure of miniWRC, the 
entire V-region is helical, and the side chains of Leu501, Leu 502, 
Tle 505, Ile 509 and Arg 512 are buried in the Sral interface, making 
the V-region inaccessible to actin. Sequestration of the V-region is an 
important contributor to WRC inhibition, because mutating V-helix 
contact residues Leu 841, Phe 844 and Trp 845 of Sral constitutively 
activates miniWRC towards the Arp2/3 complex (L841A/F844A/ 
W845A¢,a1-miniWRC, Fig. 2d), producing branched filaments 
(Supplementary Fig. 11). 

The C-helix is also critical for activation of the Arp2/3 complex”, 
because mutations of Val531, Leu535 or Arg 538 in the WAVEI1 
VCA reduce activity towards the Arp2/3 complex by at least half. In 
the miniWRC, the C-helix buries its hydrophobic face in the Sral-a6 
interface (Fig. 2c, Supplementary Figs 8 and 9). Intermolecularly, 
Val531, Ala532, Leu535 and Ile539 of WAVE1 make van der 
Waals contacts with Sral. Intramolecularly, Val531, Ile 534, 
Leu 535, Arg 538 and Val 541 of the C-helix pack against «6. Hence, 


ARTICLE 


the structure shows that the WRC sequesters C-helix residues that 
are important for activation of the Arp2/3 complex, resulting in 
inhibition. This mechanism is also supported by mutagenesis: per- 
turbing contacts of the C-helix with either Sral (L697D/Y704Ds,a1- 
miniWRC, Fig. 2d) or the «6 helix (W161E/K162Dwavei-miniWRC, 
Fig. 2e) leads to constitutive activation of the miniWRC in vitro. 
Additionally, replacement of wild-type WAVE2 with equivalent levels 
of the analogous «6 mutant (W160E/K161Dwave2) in HeLa cells 
does not alter the integrity of the complex (Supplementary Fig. 4), 
but causes a dramatic redistribution of actin, with loss of stress fibres 
and assembly of filaments at the cell periphery, again consistent with 
constitutive activation of the WRC (Fig. 3a). 

Interactions of the VCA, and perhaps the structure of the entire 
meander-VCA element, appear to be highly cooperative, as perturba- 
tion of either the V- or C-region contacts produces WRC activity near 
that of the isolated VCA (Figs 2d and e). 


Activation by Rac 


Rac plays an important role in controlling actin polymerization and 
lamellipodia formation through activation of the WRC in vivo®**?. 
Racl binds to recombinant WRC and activates it in vitro at micro- 
molar concentrations under optimized assay conditions without dis- 
rupting the integrity of the complex'*"* (Supplementary Fig. 12). By 
analogy to the activation of WASP by Cdc42 (ref. 4), we reasoned that 
removing the VCA from the WRC would increase its affinity for Racl. 
Indeed, in pull-down assays immobilized GST-Racl:GMPPNP (a GTP 
analogue) bound a VCA-deleted WRC (AWRC) to a greater extent 
than miniWRC (Supplementary Fig. 13). Using equilibrium dialysis 
we measured a dissociation constant Kp = 1-2uM for AWRC. 
MiniWRC bound Rac with lower affinity, having Kp = 7-10 uM 
(Fig. 3b). The constitutively active L697D/Y704D¢,.1-miniWRC 
(Fig. 3b) had affinity similar to that of AWRC, consistent with the idea 
that sequestration of the VCA motif competes with Racl binding. 
These results imply that Racl binds to the body of the WRC com- 
petitively with the VCA (either directly or indirectly), leading to activa- 
tion of the complex. 

To define the Racl interaction surface better, we searched for 
AWRC mutants with defects in Racl binding. Examination of the 
structure of WRC indentified several conserved surface patches. 
Mutations L697D/Y704D, L841A/F844A/W845A or E250K/Q399A 
of Sral did not perturb the binding of AWRC to Racl (data not 
shown). However, Sral mutations C179R, R190D, M632D and 
E434K/F626A severely impaired binding of AWRC to Racl without 
altering the integrity of the recombinant complex (Fig. 3b and 
Supplementary Fig. 13). These highly conserved Sral residues are 
located in a patch adjacent to «4-6 of the WAVE1 meander region 
(Fig. 3c and Supplementary Fig. 14). Furthermore, truncation of 06 
(A154wavei-WRC) also decreases Racl binding (Fig. 3c and Sup- 
plementary Fig. 13), suggesting that the helix or adjacent parts of 
the meander may contact the bound GTPase directly or stabilize its 
interaction sites on Sral. These data implicate a Racl binding site on 
the WRC involving an Sral surface and perhaps part of the meander 
region of WAVEL. Interactions of Racl could then trigger conforma- 
tional changes in the meander region and/or its contact site on Sral. 
Because the meander appears to cooperatively stabilize the V- and 
C-regions of WAVEI (see above), these perturbations could drive 
WEC activation by causing release of the VCA. 


Activation by phosphorylation 

In cells, phosphorylation of the meander region modulates WRC 
activity. Several groups report that phosphorylation of the strictly 
conserved Tyr 150 of WAVE2 (Tyr 151 in WAVE1 and WAVE3) 
by the Abl kinase is important for WRC-mediated actin assembly 
and lamellipodia formation’®’’. Additionally, phosphorylation of 
WAVE Tyr 125 by Src or Thr138 by Cdk5 alters cellular actin 
dynamics'*"”, 
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Figure 3 | Mechanisms of WRC activation by Racl and phosphorylation. 
a, HeLa cells were transfected with shVector-yellow fluorescent protein (YFP) 
control, or vectors simultaneously suppressing WAVE2 and expressing 
shRNA-resistant YFP-tagged WAVE2 proteins (green) and scored blindly for 
lamellipodial phenotype. F-actin is visualized with phalloidin (red). Error bars 
in lower right panel show the standard deviation for at least three independent 
measurements. b, Fractional saturation of WRC versus free Racl-GMPPNP 
measured by equilibrium dialysis. Error bars indicate the standard deviation in 
at least two independent measurements. Kp is estimated from Rac 
concentration at 50% saturation; curves are binding isotherms to guide the eye. 
Pink uptriangle, AWRC (containing WAVE1(1-186)); black square, L697D/ 
Y704Ds,a1-miniWRC; gold diamond, miniWRC; green circle, E434K/ 
F626As,a1- AWRC; blue cross, R190D¢,a;-AWRC; cyan downtriangle, 
A154wave1-WRC (containing WAVE1(1-154)). c, WAVE1 meander region. 
Sral residues involved in binding Racl and WAVEI Y151 are gold and blue 
sticks, respectively. The dashed oval indicates the proposed Racl-binding 
surface. Phosphorylated WAVE residues Tyr 125, Thr 138 and Tyr 151 are red 
sticks. d, Arp2/3-mediated pyrene-actin assembly assays with miniWRC 
(green) or miniWRC containing Y151Ewaver: (blue) or F686Es,q) (red). The 
control assay (orange) lacked WRC. 
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Tyr 151 of WAVE] is located in the «5-06 loop of the meander 
region, and is buried in a hydrophobic pocket formed by Sral and 
WAVE! (Fig. 3c and Supplementary Fig. 9). Phosphorylation of 
Tyr 151 would thus disrupt the contacts between the meander region 
and Sral, leading to destabilization of the C-helix of the VCA motif 
and WRC activation. To test this idea, we reconstituted a miniWRC 
containing a phospho-mimicking Y151E mutation in vitro, and gen- 
erated the analogous full-length WRC in HeLa cells using a knock- 
down/re-expression strategy. Consistent with the — structural 
predictions, the mutant complexes displayed high actin assembly 
activity both in vivo and in vitro (Fig. 3a and d). Mutation of the 
Y151-binding pocket in Sral (F686Es,.;-miniWRC) equivalently 
activates the WRC (Fig. 3d). 

Tyr 125 of WAVE] is also strictly conserved from animals to plants 
(Supplementary Fig. 8). This residue is located in «3 and its side chain 
packs against Gln 685 and makes a hydrogen bond to Asp 689 of Sral 
(Fig. 3c and Supplementary Fig. 9). Phosphorylation of Tyr 125 
should disrupt the contact with Asp 689, and could destabilize the 
meander region of WAVE1, leading to release of the VCA. 
Consistent with this, replacement of WAVE2 with a Y124D mutant 
in cells increased lamellipodia formation (Fig. 3a). Thr 138 of WAVE1 
makes intramolecular contacts with «4 and «5; its hydroxyl group is 
part of a network of hydrogen bonds that span these secondary ele- 
ments (Fig. 3c and Supplementary Fig. 9). Phosphorylation of Thr 138 
may thus also perturb the structure of the meander region, again 
contributing to activation of the WRC”. 

Together, the data suggest that, analogous to Racl activation, phos- 
phorylation could destabilize the meander region and/or its interac- 
tions with Sral, leading to release of the VCA and activation of the 
WRC. 


Discussion 


The WRC is typically densely clustered at its sites of action in cells. This 
is believed to be necessary for spatially restricted actin assembly during, 
for example, polarized cell movement’. Clustering is mediated by the 
combined actions of phosphoinositide lipids and Rac, as well as various 
SH3-containing proteins'’. The polybasic region of WAVE2 (equival- 
ent to residues 172-184 of WAVE1) can bind phosphoinositide lipids 
in vitro, and is essential for membrane recruitment of the WRC and 
formation of lamellipodia in cells’*. Surface electrostatic calculations 
show that the face containing the WAVE1:Abi2:HSPC300 four-helix 
bundle is negatively charged (Fig. 4a), whereas much of the face of the 
complex adjacent to the polybasic region is positively charged (Fig. 4b). 
This polar distribution suggests that when the WRC is recruited to the 
plasma membrane, the side covered by the four-helix bundle is exposed 
to the cytoplasm, and the opposite side contacts the membrane. In this 
orientation, Rac would bind approximately to the side of the WRC 
(Fig. 4c), and then its C-terminal isoprene group, the polybasic region 
of WAVE and the basic surface of the Sral/Nap1 dimer could all be 
directed towards the plasma membrane. The meander region and the 
VCA motif of WAVE would face the cytoplasm, making them acces- 
sible to other regulators (for example, kinases), and to the Arp2/3 
complex and actin. This organization would allow simultaneous phos- 
phoinositide and Rac binding, cooperatively recruiting the WRC to 
membranes and enhancing allosteric activation. Self-association of the 
WEC at membranes", and consequent enhanced activity’, could be 
mediated by intercomplex binding of the N-terminal helix of Sral with 
the WAVE/Abi/HSPC300 trimer, as observed in the crystal lattice 
(Supplementary Fig. 3). 

Sral was recently reported to support translation inhibition 
through simultaneous binding to the translational regulator FMRP 
and the translation initiation factor e[F4E”'®. However, the putative 
mode of eIF4E binding is incompatible with the WRC structure 
(Fig. 1b, Supplementary Fig. 15). Thus, e[F4E may bind to isolated 
Sral, but not the WRC, consistent with the finding that eIF4E co- 
immunoprecipitates with Sral but not WAVE”. These observations 
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Figure 4 | Model for cooperative membrane recruitment and activation of 
the WRC. a, b, Electrostatic surface of miniWRC (—5kT per electron (red) to 
+5kT per electron (blue)), oriented as in Fig. 1a and b, respectively. 

c, Schematic illustrating proposed WRC orientation at the plasma membrane 
and cooperative recruitment and activation by Rac and phospholipids. Plus and 
minus signs indicate regions of positive and negative surface charge. 
Phosphorylation sites in WAVEI meander are indicated in red. Disordered 
elements of WAVE] are indicated with dotted purple lines. It remains unclear 
what portions of the meander are disrupted by different stimuli. 


suggest that Sral may partition between the WRC, which regulates 
actin dynamics, and a free (or alternatively complexed) state that regu- 
lates translation. Similar arguments have also been made regarding 
different pools of Nap] (ref. 32) and Abi (ref. 33). Interestingly, defects 
in Sral or its ligands in both pathways—protocadherin-10, which 
binds the WRC*™, and FMRP—are implicated in autism and other 
mental disorders**”*, suggesting that an appropriate balance of these 
pathways or their joint action may be needed for proper neuronal 
development and function. Future studies of the intact WRC and its 
separate components will reveal how this system coordinates multiple 
processes in normal and abnormal cellular function. 


METHODS SUMMARY 


Sral, Nap1, WAVE, Abi2 and HSPC300 were overexpressed separately, partially 
purified, assembled into an Sral:Nap1 dimer and a WAVE1/Abi2/HSPC300 
trimer, respectively, and then assembled into the miniWRC pentamer. Further 
purification produced homogeneous samples. Crystals of miniWRC were 
obtained by hanging-drop vapour diffusion at 4°C. All the data sets were col- 
lected at the ID-19 beamline (Advanced Photon Source) and processed with the 
HKL3000 suite’’ and CCP4 suites**. Experimental phases were determined from 
selenium-MIRAS data collected on samples containing either SeMet-Sral or 
SeMet-Napl, and analysed using ShelxD*’. Phases were improved using 
MLPHARE® and Parrot*!. The atomic model of the complex was built using 
Buccaneer* and Coot*’, and refined using Refmac 5 (ref. 44). Equilibrium dialysis 
was done at room temperature and protein concentrations were determined 
using Deep Purple gel staining (GE Healthcare). Actin polymerization and 
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GST-Racl pull-down assays were performed as described previously’. HeLa cells 
were grown directly on coverslips, fixed in 4% paraformaldehyde, and prepared 
for immunofluorescence as described”’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Protein expression and purification. The proteins were handled with a modified 
version of the earlier protocol’. Mutants were generated using QuikChange 
(Stratagene). To achieve maximal expression, His-tagged Sral (1-1253) and 
Nap1 (1-1128) were separately overexpressed in sf9 cells and Hi5 cells, respec- 
tively. Cells were lysed together and the Sral:Nap1 complex was partially purified 
by a Ni-affinity column. For miniWRC, WAVE1-186VCA (WAVEI(1-186)- 
(GlyGlySer).-VCA(485-559)), Abi2 (1-158) and full-length HSPC300 (1-75) 
were expressed separately in Escherichia coli as MBP-fusion proteins, purified 
with amylose-affinity chromatography and assembled into the trimer sub- 
complex by incubation in the presence of 1% NP-40 (Sigma) for 48 h. The trimer 
was isolated using Source 15Q chromatography, and then mixed with the 
Sral:Nap1 dimer at a 1:1.5 molar ratio overnight on ice to form the pentameric 
complex. Excess Sral:Nap1 dimer was removed by an amylose-affinity column. 
The eluted complex was further purified using Mono Q chromatography. The 
fusion tags were removed by treatment with TEV protease at room temperature 
for 4-6h. The sample was brought to homogeneity by a Superdex200 column 
equilibrated with protein buffer (200 mM NaCl, 12% glycerol (w/v), 10 mM Tris- 
HCl, 5 mM DTT, pH 8.0), concentrated to about 10 mg ml | and stored at —80°C. 
Selenomethionine-labelled Sral and Nap1 were obtained by culturing insect cells in 
methionine-free medium according to standard protocols (Expression Systems). 
AWEC and A154wavei-WRC were produced in the same way as miniWRC, but 
contained WAVE1(1-186) and WAVE1(1-154), respectively. 

Crystallization. Crystals were grown at 4 °C by hanging-drop vapour diffusion 
methods. The native miniWRC crystals grew from 10% (w/v) glycerol, 4% PEG 
10,000, 12-20% PEG 300, 100 mM Tris-HCl, 2mM TCEP, 2mM EDTA, pH 8.5 
with protein to reservoir volume ratio 1:1.8. Crystals form in space group P2,2)2,, 
with a = 103.5 A, b = 113.8 A, c = 323.0 A and diffracted only to 4.2 A. Extensive 
optimization failed to improve crystal quality. The crystals with selenomethionine- 
labelled Sral and Nap1 grew from similar conditions in the same space group, with 
a=97.0A, b= 114.0 A, c= 327.2 A, and diffracted to 2.3 A. 

Data processing and structure solution. The structure of miniWRC was solved 
by experimental phasing using data processed with the HKL3000 suite’”*° 
(Supplementary Table 1). The initial phases were obtained by combining data 
from three crystals: the first two contained Se-labelled Sral and the third con- 
tained Se-labelled Napl. There was a significant level of non-isomorphism 
between crystals. In the case of the structure with Se-labelled Sral, there was an 
additional component of non-isomorphism due to the breaking of crystal sym- 
metry (P2; versus P2;2)21). The symmetry violation was larger than experimental 
uncertainty, but still small enough to use the higher-symmetry space group 
(P2,2,2;) in structure solution. So the two data sets for the Sral-labelled crystals 
scaled together were used for structure refinement in the P2,2,2, space group. 
Radiation-induced non-isomorphism present in the collected data sets was cor- 
rected with the use of novel procedures’. The data were anisotropic, with the best 
direction diffracting to 2.29 A. To use the data fully, structure factors were aniso- 
tropically sharpened to make the resolution fall-off isotropic. In consequence, the 
shell-based Ryerge Values did not have statistical meaning in this case. To define 
the resolution properly we used an J/o(J) criterion, where I represents averaged 
intensity after correcting for anisotropicity, and o(J) is defined for each reflection 
separately. The very small change of R¢ree at higher resolutions is an indicator that 
the procedure worked correctly. 

After all these corrections, the heavy atom substructure for the averaged Sral- 
P2,2,2, was determined by ShelxD” called within the HKL3000 suite*””°. Using 
initial phases, the positions of heavy atoms for the other data set (Se-labelled 
Nap1) were determined by searching for peaks in the anomalous difference map. 
The complete set of heavy atom positions was refined using MLPHARE” with 
anomalous differences only. Density modification was performed with Parrot", 
and initial model building with Buccaneer” (Supplementary Table 1). The rest of 
the model was built manually, using Coot* and Refmac™, where experimental 
phases were used as an additional restraint. 

Refinement was performed with Refmac, using the TLSMD server to generate 
TLS bodies for refinement**, and the Molprobity server*’ to check the validity of the 
structure. The final refinement is summarized in Supplementary Table 1, which 
shows that 98.26%, 99.96% and 0.04% of the amino acid residues are in the favoured, 
additional allowed and disallowed region of the Ramachandran plots, respectively. 
Equilibrium dialysis. Equilibrium dialysis was performed at room temperature 
using a fast micro-equilibrium dialyser (Harvard Apparatus). Racl (Q61L) was 
charged with GMP-PNP in pH 7.5 buffer containing 20 mM Tris-HCl, 150 mM 
NaCl, 14% (w/v) glycerol and 2 mM MgCl. WRC constructs were used at 4 uM. 
After reaching equilibrium (about 40h), the concentrations of free Racl in one 
chamber and total Racl in the other chamber of the dialyser were analysed by 
SDS-PAGE gels, stained with Deep Purple (GE Healthcare) and quantified with 
ImageGauge (Fujifilm) by comparison to a standard curve generated from gels 
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containing known concentrations of Racl. Nonlinear curve fitting to extract Kp 
was performed using Prism 5. At Racl concentrations above about 10 1M, tech- 
nical limitations—such as bubble formation, protein instability over an extended 
dialysis time (required by high solution viscosity) and loss—prevented us from 
obtaining reproducible data in this regime. Thus, Kp was estimated from the 
approximate 50% saturation point in the assay. 

Actin polymerization and GST pulldown assays. Arp2/3-complex-mediated 
actin polymerization assays were performed as described’* using 41M actin 
(5% pyrene labelled) and 10nM Arp2/3 complex in KMEI-20G buffer (20% 
(w/v) glycerol, 50mM KCl, 1mM MgCl, 1mM EGTA and 10 mM imidazole 
pH7.0). The data in Supplementary Fig. 12 used 1 uM actin (5% pyrene labelled) 
and 30nM Arp2/3 complex in buffer lacking glycerol. 5nM WAVE1-Abi2- 
HSPC300 trimer was used as the aggregated VCA. Different concentrations of 
WAVE! VCA (residues 485-559) were also used. 

GST pulldown experiments were performed using 40 uM GST-Racl (20 11M for 
AWRC and A154-WRC comparison), 1.5 4M WRC constructs and 60 pl glu- 
tathione sepharose 4B resin in 0.2 ml pulldown buffer (10 mM Na-Hepes pH 7.0, 
100mM NaCl, 2mM MgCh, 10% glycerol (w/v) and 2mM DTT). After gentle 
mixing at room temperature for 30 min, the resin was spun down, washed three 
times with 0.4 ml pulldown buffer, and eluted with 30 mM reduced glutathione. The 
eluted proteins were resolved by SDS-PAGE and visualized with Coomassie blue. 
Cell biology studies. HeLa cells were transfected with shVector- YFP control and 
various short hairpin (sh)WAVE2/HA-YFP-WAVE2 reconstitution vectors 
based on established protocols****. We used shWAVE2 (GAGAAGAGAAAGC 
ACAGGA), and made shRNA-resistant WAVE2 complementary DNA 
(GAaAAaAGgAAaCACAGGA) to generate HA-YFP suppression/reconstitu- 
tion vectors as described”’. Transfectants were analysed 72h post transfection 
by immunoprecipitation or immunofluorescence. Anti-HA affinity matrix and 
anti-HA-HRP were from Roche. Rabbit anti-Nap1 was generated using a syn- 
thetic peptide corresponding to amino acids 1117-1128 of human Nap1. Anti- 
Sral/PIR121 was previously described’. Anti-WAVE1 was obtained from 
Upstate Biotechnology. Alexa Fluor-647 phalloidin was used (Invitrogen) to stain 
the actin filament. Images were obtained with an LSM-710 laser scanning confocal 
microscope (Carl Zeiss) and analysed for the presence of lammelipodia formation. 
For quantification, more than 200 cells for each transfected cell population, in at 
least three independent experiments, were blindly scored. 

Electron microscopy. For negative staining electron microscopy, 4 kl of protein 
solution (10 pg ml’) was applied to glow-discharged carbon-coated 300-mesh 
Cu/Rh grids (Emsdiasum) and incubated for 30-60 s. Excess solution was blotted 
off with filter paper (Whatman #1), the grid was washed with 4 tl of protein buffer 
and stained with 2% uranyl acetate. Grids were imaged under low-dose condi- 
tions (10-25 electrons per A”) on an FEI Tecnai G2 Spirit BioTwin electron 
microscope (FEI) with a LaBé6 filament operated at 120kV at a nominal mag- 
nification of 30,000. Images were recorded with a Gatan 2,048 X 2,048-pixel 
charge-coupled device (CCD) camera (Gatan) using 0.8-2.5 1m underfocus, with 
a final resolution of 3.63 A per pixel on the object. Particles were picked manually 
using the boxer application in EMAN”, normalized, and filtered to 22 A. Ten 
class averages were generated using nine iterations of reference-free classification 
(refine2d.py), using a common reference to orient the classes to show the ‘upright’ 
view. Classes with fewer than eight particles were discarded automatically after 
each iteration. 

Calculation of surface conservation. The conservation scores were calculated 
using the Consurf Sever*®. Increasing conservation (scored from 1 to 9) was 
colour-coded in the figures by the spectra of white-to-green and white-to-cyan 
for Sral and Nap], respectively. Residues that were scored 7-9 (green in Sral and 
cyan in Nap1) are considered to be conserved, which typically have a single amino 
acid in about 80% of the sequences we examined. The sequences of Sral ortho- 
logues used in the calculation are: NP_055423.1(Hs_Sral), AAH72814.1, 
AAU05773.1, NP_974801.2, XP_001790637.1, EEN67132.1, NP_499949.2, 
Q6UK63.1, NP_650447.1, NP_997924.1, CAQ17050.1, NP_035500.2, XP_001379666.1, 
XP_001745727.1, EDO41734.1, NP_001048941.1, XP_001753041.1, XP_002468523.1, 
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Total internal reflection fluorescence microscopy. Actin (1 |1M) was polymerized 
in the presence of Arp2/3 complex (10nM), N-WASP VCA (0.1 11M) or active 
L841A/F844A/W845Ac,.;-miniWRC (0.1 1M) in KMEI buffer for 20 min, before 
adding Alexa-488-phalloidin (1:50 dilution). As a negative control, actin (1 uM) 
alone was polymerized for 1h. Alexa 488-phalloidin-bound filaments were diluted 
1,000-fold before adsorbing onto poly-D-lysine-coated glass-bottom dishes (Ted 
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Pella) for 10 min. Filaments were imaged using a laser-based total internal reflection 
fluorescence microscope (Olympus IX-71 base microscope), Micro-Manager 1.3 
(Vale lab), and a Photometrics Cascade II 512 EMCCD camera. 
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A geometric measure of dark energy with 


pairs of galaxies 


Christian Marinoni’? & Adeline Buzzi! 


Observations’” indicate that the expansion of the Universe is accel- 
erating, which is attributed to a ‘dark energy component that 
opposes gravity’*. There is a purely geometric test of the expansion 
of the Universe (the Alcock-Paczynski test), which would provide 
an independent way of investigating the abundance (Qx) and equa- 
tion of state (wx) of dark energy’. It is based on an analysis of the 
geometrical distortions expected from comparing the real-space 
and redshift-space shape of distant cosmic structures, but it has 
proved difficult to implement®'*. Here we report an analysis of the 
symmetry properties of distant pairs of galaxies from archival 
data’’”°. This allows us to determine that the Universe is flat. By 
alternately fixing its spatial geometry at 2) =0 and the dark energy 
equation-of-state parameter at wx = — 1, and using the results of 
baryon acoustic oscillations, we can establish at the 68.3% confidence 
level that —0.85> wx > — 1.12 and 0.60 < Q, < 0.80. 

Previous attempts to implement the Alcock—Paczynski test with 
clusters of galaxies*®, cosmic voids”* or the large-scale galaxy distri- 
bution’’* failed to unveil the expected geometrical deformations 
because the peculiar, non-Hubble, motions*'” of test objects induce 


additional distortions that are difficult to model and subtract. Galaxy 
pairs offer a viable way to overcome this limitation. 

Consider a binary system, for example, a gravitationally bound pair 
of galaxies A and B at cosmological redshift z (see Fig. 1). A terrestrial 
observer can directly measure the angular separation 0 subtended by A 
and B. The amplitude of the tilting angle t of the pair with respect to the 
observer's line of sight can be indirectly inferred only if the radial 
comoving distances x to the pairs’ members are known. In a uniform 
Universe with constant-curvature spatial geometries (labelled by the 
indices k=0,+ 1), we obtain**: 


ay 2 4 
ped (1) 


oD ge = 
ical = [cxczaoot Sk(%p) sin 0 


where CG (y=1- kSi( x) and where, using the Kronecker delta symbol, 
Sk(Z) = Og, —1 sinh (y) + 6k,0%+ 0x1 sin (y). We note that the angle tf is 
not an observable for the terrestrial observer because distances depend 
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not only on the redshift z= —1 of the radiation emitted by a 


‘emis 


Observer 


Figure 1 | Geometry and statistics of binary galactic systems. a, The two 
galaxies are labelled A and B (black dots) and subtend an angle @ at the observer 
position. The tilting angle f measures the inclination of the geodesic separation 
between A and B with respect to the observer’s line of sight (dotted line). This 
angle is expected to be uniformly distributed in the interval [0, m]. Pair members 
have peculiar velocities, generated by the gravitational action of the dark matter 
halo in which galaxies are embedded, the line-of-sight component of which 
alters the apparent geometry of the system (but not the angle @). (The black line 
represents the real-space separation vector between pairs’ members. The blue 
line is the apparent separation vector measured by the observer because of the 
geometric distortions induced by peculiar velocities of the pair’s members.) As 
a consequence, a terrestrial observer will spuriously conclude that the tilting 
angle is t. We note that peculiar velocities are typically larger than the radial 
separation (in velocity units) of the members. Their net average effect is to 
stretch the system along the observer’s line of sight. As a consequence, the 


apparent tilt t is not uniformly distributed. Instead, its distribution function is 
bimodal and, depending on the value of the adimensional velocity perturbation 
function o(z), peaks around 0 and 7. This is shown in b, where the predictions 
of equation (2) are compared with data from the local Universe (z~0). The 
histogram shows the observed distribution obtained by applying equation (1) to 
721 pairs of the SDSS. Error bars represent 1¢ Poisson uncertainties. The 
superimposed red dashed line corresponds to the uniform distribution of the 
angle t expected in the ideal case o = 0. The blue solid line corresponds to the 
choice «=5.79, that is, the normalization inferred from the fact that, for this 
sample, (sin? t) =0.211+0.01. The actual measurement is performed in the 
interval [0, 2/2] and replicated symmetrically in the interval [z/2, 7]. Despite 
the fine tuning of the parameter «, it is remarkable that this simple, approximate 
model is able to reproduce both the overall shape and particular features of the 
observed distribution. 
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distant galaxy, but also on the a priori unknown values of cosmological 
parameters, in particular the abundance of dark energy x and its 
equation of state wx. However, because the separation vector between 
A and B is randomly oriented, the probability distribution function of t 
can be predicted: #(t) = sin(t)/2. As a result, the expectation value 
l= < sin’ t> is a cosmology-independent quantity equal to 2/3 (ref. 
9). 

Adoption of the correct cosmological metric is a necessary but not 
sufficient condition for the sample mean my)y—which a terrestrial 
observer estimates by averaging equation (1) over N binaries—to be 
an unbiased estimator of ji. In fact, not only will a wrong choice of the 
background metric contribute to breaking the expected geometrical 
symmetry, but so will galaxy dynamics: the peculiar motion of the 
pair’s members modifies the distribution of t. Consequently, my will 
significantly differ from ju even when the correct set of cosmological 
parameters is adopted in the analysis. However, the simplicity of the 
two-body dynamics makes the removal of the peculiar velocity effects 
in binaries straightforward. 

Orbital motions cause a Doppler remap of t into an apparent angle t 
(see Fig. 1a), making binaries appear on average more stretched along 
the observer’s line of sight. This preferential orientation in a direction 
that is statistically improbable can be quantified. We find that the 
probability distribution function of t is (see Fig. 1b and Supplemen- 
tary Information): 


1 (1+07)(1+ tan? rt) 
2 [1+(1 +0?) tan? “| 


W,(t)dt= | tan t|dt (2) 


and that, therefore, the isotropic expectation ju= 2/3 is replaced by the 
average anisotropy of pairs (AAP) function: 
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encapsulates corrections for peculiar motions of the pair members 
(v,,). Its amplitude can be fully specified: theory constrains its depend- 
ence on redshift, space geometry and mass-energy content of the 
Universe in terms of the cosmic expansion rate E—that is, 
o(z)=aE(z)'(1+z)—and a calibrating sample of galaxy pairs 
identified in the local Universe allows us to fix its overall normaliza- 
tion « (see Supplementary Information). We note that in the idealized 
limit of no peculiar motions (0), one recovers the unperturbed, 
cosmology-independent result 1, u=2/3. 

We identify binary systems in the seventh data release of the Sloan 
Digital Sky Survey’? (at z~0) and in the third data release of the 
DEEP2 survey”’ (up to z ~ 1.45). Spectroscopic redshift accuracy for 
both the high- and low-redshift samples is of the order of 30kms ' 
(ref. 24). To define a local calibrating sample, we have limited the SDSS 
sample depth to z <0.05. In this way, distances inferred from redshift 
do not depend on the chosen background cosmological model. To be 
selected as physical pairs, galaxies must satisfy the following three 
criteria. (1) the comoving transverse separation r; =S;(z)d0 must 
be less than 7) max =0.7h! megaparsecs (Mpc), roughly the distance 
between Andromeda and the Milky Way (to ensure close pair selec- 
tion), and it must be greater than 71, max = 20h =: kiloparsecs (kpc) (to 
exclude mergers or non-unique entries in the original catalogues). (2) 
to avoid projection effects, the recession velocity difference 
dV =cdz/(1+z) (see Supplementary Information) has an upper limit 
dV max = 700 km s~* (the threshold above which the relative increase 
AN/N in the sample size when the velocity bin is augmented by 
100kms-* is smaller than 1%). (3) there should be no other additional 
galaxy in the catalogue within a projected separation of r; = 4h” 'Mpc 
and a velocity difference dVinax (to ensure the isolation of the pair). We 
have found that 721 galaxy pairs from the SDSS sample meet the 
selection requirements, while at high redshift the number of identified 
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systems depends on cosmological parameters. For instance, we recover 
509 (330) binaries in a standard ACDM (Einstein-de-Sitter) model. 

Figure 2 shows that the estimated average anisotropy of pairs my(z) 
matches the theoretically predicted value 1,(z) only if the analysis is 
carried out in the true metric background. Given the size of current 
deep-redshift surveys, we cannot yet explore all the parameters that are 
necessary to characterize the cosmological model fully. We will thus 
focus our analysis on only two lower-dimensional parameter sub- 
spaces. For the ‘cosmological constant’ (4) scenario, we consider only 
dark energy models with wx = — 1, but we allow for non-zero spatial 
curvature ;. In the ‘dark energy’ scenario, we assume that the 
Universe is flat (QQ; =0) and that the equation-of-state parameter is 
constant (wx = wo), but allow its value to differ from —1. 

The likelihood of both the scenarios is shown in Fig. 3. The precision 
of the amplitude of the cosmological constant, as measured by the 
effective surface of the 68.3% confidence contours in the Q,, — Q plane 
(where Q,, is the abundance of matter in the Universe), improves on 
current supernovae (of type Ia) estimates** by a factor of about 3. Our 
results alone imply that the curvature of the Universe is negligible, 
namely (2; =0.10 oe at the 68.3% confidence level. This figure should 
be compared with the supernovae type Ia result Q,= —0.1+0.4 
(ref. 26) and acquires even more significance if contrasted with the fact 
that the analysis of the cosmic microwave background itself cannot put 
strong limits on the geometry of the Universe unless an external prior on 
the present-day value of the Hubble parameter Hp is assumed”. Figure 3 
also shows how constraints on cosmological parameters, particularly on 
wo; are significantly improved when we combine our results with con- 
straints from the Sloan Digital Sky Survey (SDSS) measurement of 
baryon acoustic oscillations*’. For the / scenario, the joint likelihood 
contours imply that 0.60 < Qy < 0.80 at the 68.3% confidence level. The 


best value found for the matter density parameters, Q,, = (275). 
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Figure 2 | Diagram of the average anisotropy of pairs from the SDSS (Data 
Release 7)'? and DEEP2” data. Blue squares represent the observed average 
anisotropy of pairs. The observable is measured by averaging equation (1) over 
a sample of distant binary systems in the fiducial cosmology. The lo error bars 
are the standard deviation of the mean (sin? t) in each redshift bin. Data points 
reconstructed in different backgrounds randomly scatter by at most 1o around 
the fiducial value. Curves represent the theoretical redshift scaling of the AAP 
as predicted by equation (3) in different cosmological models (specified by the 
matter density Q,, and the dark energy density Q,). These different models 
describe a universe with negative curvature (open), a flat decelerating universe 
(Einstein-de Sitter) and two different accelerating universes (fiducial and best 
models). A goodness-of-fit test for the best model gives 73, ~ 5.5 for 7 
degrees of freedom (d.o.f.). A total of 509 binary systems were used. We show 
their redshift distribution in the bottom panel. 
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Figure 3 | Cosmological constraints on the abundance of dark energy x 
and on its nature wx. Solid blue lines represent the isocontours of the 
logarithmic posterior —21n p (see Supplementary Information for definitions 
and details); they measure the level of credibility of a particular cosmological 
model given our AAP measurements. a, Constraints on the amplitude of the 
cosmological constant / obtained by projecting the posterior in the Q,,-Q, 
plane and by assuming wx = wo = — 1 (that is, Qx =). Iso-levels are plotted 
for —21n p/Ppest =2.3, 6.17and11.8 corresponding to 68.3%, 95.4% and 99.7% 
confidence intervals, respectively. The black solid line indicates cosmological 
models with a flat spatial geometry. b, Constraints on the null hypothesis that 
dark energy is effectively a cosmological constant. Contours are the same as 
before but the posterior is now projected in the Q~-wo parameter space. In 
both panels the dotted blue lines represent the confidence contours inferred 
from the analysis of baryon acoustic oscillations”. Filled contours (red, yellow 
and green) show the constraints on cosmological parameters obtained from a 
joint analysis of the average anisotropy of pairs and the baryon acoustic 
oscillations geometrical probes. The acceleration of the Universe (a non-zero 
dark energy component) is detected with >99.9% confidence and there is 
strong evidence that it is induced by a cosmological constant (wo = — 1). 


allows us to translate the / detection into a geometric constraint for the 
curvature of the Universe. At the 68.3% confidence level we find 
2} =0.03--0.12: 

Within the framework of the dark energy scenario, we exclude at the 
68.3% confidence level a constant dark energy parameter wo > — 0.85 
and wo < —1.12. Furthermore, if we compare constraints obtained 
from our test with those” inferred by a joint analysis of baryon acoustic 
oscillations (from SDSS Data Release 7) and supernovae (the union 
sample) we conclude that (1) for a flat ACDM model, the 68.3% 
confidence interval for 2, obtained with the AAP test alone has the 
same amplitude (AQ, ~ 0.35) as that inferred by combining super- 
novae type Ia and baryon acoustic oscillations; (2) if we relax the 
flatness condition but maintain wp = — 1, then the 68.3% confidence 
interval for Q,, and Q,4 obtained by combining AAP and baryon 
acoustic oscillations has the same amplitude as that obtained by com- 
bining baryon acoustic oscillations and supernovae type Ia (~0.05 and 
~0.2 respectively). This is because the degeneracy axis of our results 
tends to be more aligned with the baryon acoustic oscillations direction 
than that of supernovae type Ia. 

Given the observational economy of this ‘two-body’ technique, it 
will be possible to place even tighter limits when redshift surveys of the 
deep Universe soon become available. 
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The dynamical mass of a classical Cepheid variable 
Star in an eclipsing binary system 


G. Pietrzynski!, I. B. Thompson’, W. Gieren!, D. Graczyk’, G. Bono*”, A. Udalski’, I. Soszynski’, D. Minniti® & B. Pilecki’? 


Stellar pulsation theory provides a means of determining the 
masses of pulsating classical Cepheid supergiants—it is the pulsa- 
tion that causes their luminosity to vary. Such pulsational masses 
are found to be smaller than the masses derived from stellar evolu- 
tion theory: this is the Cepheid mass discrepancy problem’”, for 
which a solution is missing**. An independent, accurate dynamical 
mass determination for a classical Cepheid variable star (as 
opposed to type-II Cepheids, low-mass stars with a very different 
evolutionary history) in a binary system is needed in order to 
determine which is correct. The accuracy of previous efforts to 
establish a dynamical Cepheid mass from Galactic single-lined 
non-eclipsing binaries was typically about 15-30% (refs 6, 7), which 
is not good enough to resolve the mass discrepancy problem. In 
spite of many observational efforts*’, no firm detection of a classical 
Cepheid in an eclipsing double-lined binary has hitherto been 
reported. Here we report the discovery of a classical Cepheid in a 
well detached, double-lined eclipsing binary in the Large Magellanic 
Cloud. We determine the mass to a precision of 1% and show that it 
agrees with its pulsation mass, providing strong evidence that pulsa- 
tion theory correctly and precisely predicts the masses of classical 
Cepheids. 

We have detected several candidates for Cepheid variables in eclips- 
ing binary systems in the Large Magellanic Cloud'® (LMC). Using 
high-resolution spectra, we confirmed the discovery of a classical 
fundamental-mode Cepheid pulsator OGLE-LMC-CEP0227 in a well 
detached, double-lined, eclipsing system with near-perfect properties 
for deriving the masses of its two components with very high accuracy. 
(We obtained the spectra with the MIKE spectrograph at the 6.5-m 
Magellan Clay telescope at the Las Campanas Observatory in Chile, 
and with the HARPS spectrograph attached to the 3.6-m telescope of 
the European Southern Observatory on La Silla.) A finding chart for 
the system can be found on the OGLE Project webpage’®. 

Our spectroscopic and photometric observations of the binary system 
are best fitted by assuming a mass ratio of 1.00 for the two components 
(Fig. 1). This value was used to disentangle the pulsational and orbital 
radial-velocity variations of the Cepheid component of the binary. 
The resulting orbital radial-velocity curves of the components, and the 
pulsational radial-velocity curve of the Cepheid, are shown in Fig. 2. 

The spectroscopic and photometric observations were then analysed 
using the 2007 version of the standard Wilson-Devinney code'"*. We 
accounted for the photometric variations of the Cepheid caused by the 
pulsations, as follows. First, we fitted a Fourier series of order 15 to the 
observations secured outside the eclipses. Second, we subtracted the 
corresponding variations in the eclipses in an iterative way, scaling 
the obtained fit according to the resulting Wilson—Devinney model. 
The J-band pulsational and orbital light curves, together with the best 
model obtained from the Wilson—Devinney code, are shown in Fig. 3. 
The corresponding astrophysical parameters of our system are 
presented in Table 1. 


The mean radius of the primary (Cepheid) component that we 
obtained from our binary analysis shows excellent agreement with 
the radius predicted for its period from the Cepheid period-radius 
relation of ref. 13 (32.3 Ro, where Ro is the solar radius), strengthen- 
ing our confidence in our results. In order to assign realistic errors to 
the derived parameters of our system, we performed Monte Carlo 
simulations. Our analysis of the very accurate existing data sets for 
OGLE-LMC-CEP0227 has resulted in a purely empirical determina- 
tion of the dynamical mass of a classical Cepheid variable, with an 
unprecedented accuracy of 1%. We note that an end-to-end simul- 
taneous solution for all parameters might reveal slightly different 


1.6 


Standard deviation 


Mass ratio 


Figure 1 | The procedure adopted to separate pulsational and orbital motion 
of the Cepheid. The following final ephemeris for our system was derived from 
the OGLE photometric data: orbital period P,, = 309.673 + 0.030 days, time of 
the minimum light of the binary system T,o,5 = 2,454,895.91 + 0.05 days; 
pulsational period P,,. = 3.797086 + 0.000011 days, time of the Cepheid 
maximum light Ty pu = 2,454,439.94 + 0.02 days. Adopting the photometric 
ephemeris, and having radial velocities measured for the secondary, non- 
pulsating component, we can scale them with the mass ratio and subtract them 
from the observed radial velocities of the Cepheid component, producing the 
pulsation radial-velocity curve of the Cepheid. Since both photometric and 
spectroscopic data indicate that the mass ratio of our system must be very close to 
1, a set of pulsational radial-velocity curves of the Cepheid were obtained in this 
way for a range of mass ratios around 1, and the dispersion on each of these 
curves was measured. The resulting function of dispersion (expressed as 
standard deviation) versus mass ratio displayed in the figure shows a very well 
defined minimum around a mass ratio of 1.00. Independently, a mass ratio of 
our system of 0.99 + 0.01 was derived from a least squares fitting of the orbit 
(systemic velocity, velocity amplitudes, eccentricity, periastron passage, and 
mass ratio) plus a Fourier series of order eight fitted to the pulsational radial- 
velocity variations of the Cepheid. We therefore adopted a mass ratio of 1.00 to 
disentangle the pulsational and orbital radial-velocity variations of the Cepheid 
component in the binary system. 


1Universidad de Concepcion, Departamento de Astronomia, Casilla 160-C, Concepcion, Chile. 7Obserwatorium Astronomiczne Uniwersytetu Warszawskiego, Aleje Ujazdowskie 4, 00-478 Warszawa, 
Poland. Carnegie Observatories, 813 Santa Barbara Street, Pasadena, California 911101-1292, USA. “Dipartimento di Fisica Universita’ di Roma Tor Vergata, via della Ricerca Scientifica 1,00133 Rome, 
Italy. 5INAF-Osservatorio Astronomico di Roma, Via Frascati 33, 00040 Monte Porzio Catone, Italy. "Pontificia Universidad Catdlica de Chile, Departamento de Astronomia y Astrofisica, Casilla 306, Santiago 
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Figure 2 | Orbital motion of the two binary components, and the 
pulsational motion of the Cepheid variable in the binary system. a, Main 
panel: the computed orbital radial-velocity curves of the two components of the 
LMC-OGLE-CEP227 binary system, after accounting for the intrinsic variation 
of the Cepheid’s radial velocity due to its pulsation, together with the observed 
data. Filled and open circles, primary and secondary component, respectively. 
Top, the residuals of the observed velocities (O) from the computed ones (C), 


uncertainties, and would also illuminate the correlations in the uncer- 
tainties between the various derived quantities. From an evolutionary 
point of view, we have captured our system in a very short-lasting 
evolutionary phase, when both components are burning helium in 
their cores during their return from their first crossing of the 
Cepheid instability strip in the Hertzsprung-Russell diagram. The 
secondary component is slightly more evolved (it is larger and cooler), 
and is located just outside the Cepheid instability strip, so it is 
non-variable. 

It is very important to note that OGLE-LMC-CEP0227 is a classical, 
high-mass Cepheid, and not a low-mass type-II Cepheid. This is clearly 
indicated by both its mass (Table 1) and its position on the period— 
luminosity diagram for OGLE Cepheids shown in Fig. 4 (which 
furthermore suggests that the star is a fundamental mode pulsator). 
Fundamental mode pulsation is also suggested by the strongly asym- 
metrical shapes and large amplitudes of the pulsation radial-velocity 
curve and of the I-band light curve (Figs 2 and 3). Of the three candi- 
dates for Cepheids in eclipsing binary systems detected earlier by the 
MACHO and OGLE projects*”, the objects MACHO-78.6338.24 and 
MACHO-6.6454.5 are type-II (low-mass) Cepheids*”°; only the object 
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expressed inkms_’. b, The pulsational radial-velocity curve of the Cepheid in 
the binary system from 54 individual observations. The radial-velocity 
amplitude of 47 kms ' is typical for a 4-day fundamental mode classical 
Cepheid. All individual radial velocities were determined by the cross- 
correlation method using appropriate template spectra and the HARPS and 
MIKE spectra, yielding in all cases velocity accuracies better than 150ms * 
(error bars are smaller than the circles in the figure). 


OGLE-LMC_SC16-119952 (MACHO-81.8997.87) still appears to be a 
candidate for a classical Cepheid pulsating in the first overtone”. 
However, there are currently several problems with the correct inter- 
pretation of this last object”*, and clearly more photometric and spec- 
troscopic data are needed in order to reveal the true nature of this 
interesting system and eventually use it for a mass determination for 
a first overtone classical Cepheid. We also note that the type-II Cepheid 
MACHO-6.6454.5 belongs to the class of peculiar W Virginis stars 
introduced in ref. 15. 

To estimate the pulsation mass of the Cepheid in LMC-OGLE- 
CEP0227, we adopted a period—mass relation based on nonlinear, 
convective Cepheid models constructed for the typical chemical com- 
position of LMC Cepheids (metallicity Z = 0.008, helium mass frac- 
tion Y=0.256) (refs 5, 16, 17). This yields a pulsation mass of 
My = 3.98 + 0.29 Mo (where Mog is the solar mass) for the star, which 
is independent of the assumed reddening and distance of the Cepheid 
and agrees within lo with its dynamical mass, providing strong 
evidence that the pulsation mass of a Cepheid variable is indeed 
correctly measuring its true, current mass. This result contributes 
significantly to settling the controversy about classical Cepheid masses. 
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Figure 3 | Change of brightness of the binary system caused by the mutual 
eclipses, and the intrinsic change of the brightness of the Cepheid 
component caused by its pulsations. a, Main panel: the orbital I-band light 
curve (367 epochs collected over 6.5years) of the Cepheid-containing binary 
system LMC-OGLE-CEP0227, after removal of the intrinsic brightness 
variation of the Cepheid component together with the solution, as obtained 


Pulsation phase 


with the Wilson-Devinney code. Top, the residuals of the observed magnitudes 
(O) from the computed orbital light curve (C). b, The pulsational J-band light 
curve of the Cepheid in the binary system, folded on a pulsation period of 
3.797086 days. The asymmetric, large-amplitude light curve is characteristic of 
a classical fundamental mode Cepheid pulsator. 
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Table 1 | Astrophysical parameters of the OGLE-LMC-CEP0227 system 


Parameter Primary Secondary 
Mass (M/Mo) 4.14+0.05 4.14 +0.07 
Radius (R/R~) 324+1.5 44.9+1.5 
Effective temperature (T) 5,900 + 250K 5,080 + 270K 
Eccentricity (e) 0.1666 + 0.0014 
Periastron passage («) 341.3 + 1.1 degrees 
Systemic velocity (y) 256.7+0.1kms ? 
Period (Porb, Ppul) 309.673 + 0.03 days 

3.797086 + 0.000011 days 

Inclination (i) 87.25 + 0.25 degrees 
Orbit size (@/R.5) 389.4 + 1.2 
Mass ratio (q) 1.00 +0.01 


The parameters of the OGLE-LMC-0227 system, together with their uncertainties obtained from the 
modelling of the spectroscopic and photometric data. 
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Figure 4 | The period and brightness of the Cepheid component of our 
system confirm that it is a classical Cepheid. The period-luminosity relation 
(period in days) defined by the OGLE Project for fundamental mode classical 
Cepheids in the LMC” in the photometric I band together with the position of 
OGLE-LMC-CEP0227. The upper circle corresponds to the total mean out-of- 
eclipse brightness of the system which contains the contribution of the binary 
companion to the Cepheid, while the lower circle measures the mean intensity 
magnitude of the Cepheid freed from the companion contribution. The 
Cepheid in the binary system fits well on the fundamental mode sequence, and 
is beyond any doubt a classical (and not type-II) Cepheid. 


The overestimation of Cepheid masses by stellar evolution theory 
may be the consequence of significant mass loss suffered by Cepheids 
during the pulsation phase of their lives—such loss could occur 
through radial motions and shocks in the atmosphere’*’. The exist- 
ence of mild internal core mixing in the main-sequence progenitor of 
the Cepheid, which would tend to decrease its evolutionary mass 
estimate, is another possible way to reconcile the evolutionary mass 
of Cepheids with their pulsation mass”*. 
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Bose-Einstein condensation of photons in 


an optical microcavity 


Jan Klaers, Julian Schmitt, Frank Vewinger & Martin Weitz 


Bose-Einstein condensation (BEC)—the macroscopic ground- 
state accumulation of particles with integer spin (bosons) at low 
temperature and high density—has been observed in several physical 
systems’ °, including cold atomic gases and solid-state quasiparticles. 
However, the most omnipresent Bose gas, blackbody radiation (radi- 
ation in thermal equilibrium with the cavity walls) does not show this 
phase transition. In such systems photons have a vanishing chemical 
potential, meaning that their number is not conserved when the 
temperature of the photon gas is varied'®; at low temperatures, 
photons disappear in the cavity walls instead of occupying the cavity 
ground state. Theoretical works have considered thermalization 
processes that conserve photon number (a prerequisite for BEC), 
involving Compton scattering with a gas of thermal electrons" or 
photon-photon scattering in a nonlinear resonator configura- 
tion’"*. Number-conserving thermalization was experimentally 
observed" for a two-dimensional photon gas in a dye-filled optical 
microcavity, which acts as a ‘white-wall’ box. Here we report the 
observation of a Bose-Einstein condensate of photons in this system. 
The cavity mirrors provide both a confining potential and a non- 
vanishing effective photon mass, making the system formally equi- 
valent to a two-dimensional gas of trapped, massive bosons. The 
photons thermalize to the temperature of the dye solution (room 
temperature) by multiple scattering with the dye molecules. Upon 
increasing the photon density, we observe the following BEC signa- 
tures: the photon energies have a Bose-Einstein distribution with a 
massively populated ground-state mode on top of a broad thermal 
wing; the phase transition occurs at the expected photon density and 
exhibits the predicted dependence on cavity geometry; and the 
ground-state mode emerges even for a spatially displaced pump spot. 
The prospects of the observed effects include studies of extremely 
weakly interacting low-dimensional Bose gases’ and new coherent 
ultraviolet sources’. 


Photon energy 


Fifty years ago, the invention of the laser provided us with a source 
of coherent light. In a laser, optical gain is achieved under conditions 
where both the state of the gain medium and the state of the light field 
are far removed from thermal equilibrium’®. The realization of a light 
source with a macroscopically populated photon mode that is not the 
consequence of a laser-like gain, but is rather due to an equilibrium 
phase transition of photons has so far been prevented by the lack of a 
suitable number-conserving thermalization process'’. For strongly 
coupled mixed states of photons and excitons (exciton polaritons), a 
thermalization process induced by interparticle interactions between 
excitons has been reported to lead to a (quasi-)equilibrium BEC of 
polaritons*’. In the present work, rapid decoherence due to frequent 
collisions of dye molecules with the solvent prevents coherent energy 
exchange between photons and dye molecules and therefore the con- 
dition of strong matter-field coupling is not met'*’’. We can therefore 
assume the relevant particles to be well described as photons instead of 
polaritons. 

Our experiment confines photons in a curved-mirror optical micro- 
resonator filled with a dye solution, in which photons are repeatedly 
absorbed and re-emitted by the dye molecules. The small distance of 
3.5 optical wavelengths between the mirrors causes a large frequency 
spacing between adjacent longitudinal modes (the free spectral range is 
7x10" Hz), comparable with the spectral width of the dye (see 
Fig. 1a), and modifies spontaneous emission such that the emission 
of photons with a given longitudinal mode number, q = 7 in our case, 
dominates over other emission processes. In this way, the longitudinal 
mode number is frozen out and the remaining transverse modal 
degrees of freedom make the photon gas effectively two-dimensional. 
Moreover, the dispersion relation becomes quadratic (that is, non- 
relativistic), as indicated in Fig. 1b, with the frequency of the q =7 
transverse ground mode (TEMoo) acting as a low-frequency cut-off 
with Qeutorp £2 x 5.1x10'* Hz. The curvature of the mirrors 
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Figure 1 | Cavity mode spectrum and set-up. a, Schematic spectrum of cavity 
modes and (relative) absorption coefficient «(v) and fluorescence strength f(v) 
of rhodamine 6G dye versus frequency v. Transverse modes belonging to the 
manifold of longitudinal mode number q = 7 are shown by black lines, and 
those of other longitudinal mode numbers in grey. The degeneracy of a given 
transversal energy is indicated by the height of the bars. b, Dispersion relation of 


Transversal wavenumber 


photons in the cavity (solid line), with fixed longitudinal mode number (q = 7), 
and the free photon dispersion (dashed line). c, Scheme of the experimental set- 
up. The trapping potential V(x,y) for the two-dimensional photon gas imposed 
by the curved mirrors—see the third term in equation (2) of the Methods—is 
indicated on the left hand side. 


Institut ftir Angewandte Physik, Universitat Bonn, Wegelerstrasse 8, 53115 Bonn, Germany. 


25 NOVEMBER 2010 | VOL 468 | NATURE | 545 


©2010 Macmillan Publishers Limited. All rights reserved 


LETTER 


induces a harmonic trapping potential for the photons (see Methods). 
This is indicated in Fig. 1c, along with a scheme of the experimental 
set-up. 

Thermal equilibrium of the photon gas is achieved by absorption 
and re-emission processes in the dye solution, which acts as heat bath 
and equilibrates the transverse modal degrees of freedom of the photon 
gas to the (rovibrational) temperature of the dye molecules (see 
Methods). The photon frequencies will accumulate within a range 
kgT/h (2x x 6.3 10’ Hz at room temperature, where /i is the 
reduced Planck constant) above the low-frequency cut-off. In contrast 
to the case of a blackbody radiator, for which the photon number is 
determined by temperature (Stefan-Boltzmann law), the number of 
(optical) photons in our microresonator is not altered by the temper- 
ature of the dye solution, because purely thermal excitation is sup- 
pressed by a factor of the order of exp(A@eut-or¢ /kpT)~ exp(—80). 
The thermalization process thus conserves the average photon number. 

Our system is formally equivalent to an ideal gas of massive bosons 
having an effective mass mph =NQcut-oft / C~6.7x 10% kg (where 
subscript ‘ph’ stands for ‘photon’) that are moving in the transverse 
resonator plane, harmonically confined with a trapping frequency 
Qz=c/WDoR/222n x 4.1x10'°Hz (see Methods), with c as the 
speed of light in the medium, Dp 1.46 ttm the mirror separation 
and R&1 m the radius of curvature. A harmonically trapped two- 
dimensional ideal gas exhibits BEC at finite temperature”, in con- 
trast to the two-dimensional homogeneous case. We therefore expect a 
BEC when the photon wave packets spatially overlap at low tem- 
peratures or high densities, that is, the phase space density nJj, 
(where subscript ‘th’ stands for ‘thermal’) exceeds a value near 
unity. Here n denotes the number density in photons per area, and 


Ath =h/s/ 2nMpnkgT = 1.58 jm (defined in analogy to, for example, a 
gas of atoms’”) is the de Broglie wavelength associated with the thermal 
motion in the resonator plane. We note that A;, =2 Vn /ky, v.m.s.s Where 


ky ems. = oom is the root mean square (r.m.s.) transverse com- 
ponent of the photon wavevector at temperature T’. The precise onset 
of BEC in this two-dimensional, harmonically trapped system can be 
determined from a statistical description using a Bose-Einstein dis- 


tributed occupation of trap levels'*”°”', giving a critical particle 


number of: 
1 kgT 4 


At room temperature (T= 300K), we arrive at N-~77,000. It is 
interesting to note that both the thermal energy kgT and the trap level 
spacing /Q are roughly a factor of 10° above the corresponding values 
in atomic physics BEC experiments**, but that the ratio 
kg T /hQ = 150, corresponding to the mean excitation value per axis, 
is quite comparable. 

By pumping the dye with an external laser we add to a reservoir of 
electronic excitations that exchanges particles with the photon gas, in 
the sense of a grand-canonical ensemble. The pumping is maintained 
throughout the measurement to compensate for losses due to coupling 
into unconfined optical modes, finite quantum efficiency and mirror 
losses. In a steady state, the average photon number will be 
Non = NexcTph /Texc» where N.,. is the number of molecular excitations, 
Texc is their electronic lifetime in the resonator (of the order of a 
nanosecond) and tp, = 20 ps is the average time between emission 
and reabsorption of a photon. For a detailed description of the ther- 
malization, it is important to realize that it originates from particle 
exchange with a reservoir that is in equilibrium. The reservoir is char- 
acterized by rovibrational molecular states that are highly equilibrated 
both in the lower and in the upper electronic levels owing to subpico- 
second relaxation” induced by frequent collisions with solvent mole- 
cules. This process efficiently decorrelates the states of absorbed and 
emitted photons, and leads to a temperature-dependent absorption 
and emission spectral profile that is responsible for the thermalization. 
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To relax both spatially and spectrally to an equilibrium distribution, a 
photon has to scatter several times off molecules before being lost. In 
previous work, we have shown that the photon gas in the dye-filled 
microcavity system can be well described by a thermal equilibrium 
distribution, showing that photon loss is sufficiently slow'*. To avoid 
excessive population of dye molecule triplet states and heat deposition, 
the pump beam is acousto-optically chopped to 0.5-[1s pulses, which is 
at least two orders of magnitude above the described timescales, with 
8-ms repetition time. 

Typical room-temperature spectra for increasing pumping power are 
given in Fig. 2a (recorded using rhodamine 6G dye solved in methanol, 
1.5 10~°M). At low pumping and correspondingly low intracavity 
power we observe a spectrally broad emission, which is in good agreement 
with a room-temperature Boltzmann distribution of photon energies 
above the cavity cut-off*. With increasing pump power the maximum 
of the spectral distribution shifts towards the cavity cut-off, that is, it more 
resembles a Bose-Einstein distribution function. For a pumping power 
above threshold, a spectrally sharp peak at the frequency of the cavity cut- 
off is observed, while the thermal wing shows saturation. The described 
signatures are in good agreement with theoretical spectra based on Bose- 
Einstein distributed transversal excitations (inset of Fig. 2a). At the phase 
transition the power inside the resonator is Pc, xp =(1.55+0.60) W, 
corresponding to a critical photon number of (6.3+2.4) x 10*. This 
value still holds when rhodamine is replaced by perylene-diimide (PDI) 
solved in acetone (0.75 gl); that is, for both dyes the measured critical 
number is in agreement with the value predicted for a BEC of photons 
(equation (1)). 

Spatial images of the photon gas below and slightly above criticality 
are shown in Fig. 2b. In either case the lower energetic (yellow) photons 
are bound to the trap centre while the higher energetic (green) photons 
appear at the outer trap regions. Above the critical photon number a 
bright spot is visible in the trap centre with a full width at half- 
maximum (FWHM) diameter of (14+3) jm, indicating a macrosco- 
pically populated TEMoo-mode (expected diameter 12.2 jm). 
Figure 2c shows normalized spatial intensity profiles along one axis 
for increasing pumping power near the critical value. Interestingly, we 
observe that the mode diameter enlarges with increasing condensate 
fraction, as shown in Fig. 2d. This effect is not expected for an ideal gas 
of photons. In principle, this could be due to a Kerr nonlinearity in the 
dye solution, but the most straightforward explanation is a weak 
repulsive optical self-interaction from thermal lensing in the dye 
(which can be modelled by a mean-field interaction; see Methods). 
From the increase of the mode diameter we can estimate the mag- 
nitude of this effective repulsive interaction, yielding a dimensionless 
interaction parameter of g~(7+3) x 10~*. This is much below the 
values =10~*...10~' reported for two-dimensional atomic physics 
quantum gas experiments and also below the value at which 
Kosterlitz-Thouless physics, involving “‘quasi-long-range’ order, is 
expected to become relevant”. The latter is supported by an experi- 
ment directing the condensate peak through a shearing interferometer, 
in which we have not seen signatures of the phase blurring expected for 
a Kosterlitz-Thouless phase”. 

We have tested for a dependence of the BEC threshold on the res- 
onator geometry. From equation (1) we expect a critical optical power 
P. = (1? /12)(kg TY (Qeut-off /hc) R, which grows linearly with the mirror 
radius of curvature R and is independent of the longitudinal mode 
number q. Figure 3a and the lower panel of Fig. 3b show corresponding 
measurements of the critical power, with results in good agreement with 
both the expected absolute values and the expected scaling. The upper 
panel of Fig. 3b gives the required optical pump power to achieve the 
phase transition versus the number of longitudinal modes, showing a 
decrease because of stronger pump power absorbance for larger mirror 
spacing. This is in strong contrast to results reported from ‘thresholdless’ 
optical microlasers, for which an increase of the threshold pumping 
power was observed”*’°. For a macroscopic laser a fixed value of the 
pump intensity is required to reach inversion. 


©2010 Macmillan Publishers Limited. All rights reserved 


LETTER 


a 
ro. T T 
_ o14 
| ie 3 068 
101 b 2 4{o34 3 
a 018 § 
013 8 
40-1 = 
_ 1 1 i 1 te 2 1 oF 
cs 565 570 575 580 00.53 & 
3 10° 00.31 00pm 0 100um 
a 2 
- 00.18 200-100. 0 100 
x (um) 
F 40 : 
' Experiment —3— / 
10'¢ Gross-Pitaevskii ----------- / 
& 30+ model 4 4 
1 g a 
565 570 575 580 585 20} a : 
A (nm) -100um 0 100um a ee I re # 
10+ : 
0.1 1 10 100 


Figure 2 | Spectral and spatial intensity distribution. a, Spectral intensity 
distributions (connected circles) transmitted through one cavity mirror, as 
measured with a spectrometer, for different pump powers (see colour key). The 
intracavity power (in units of P., exp =(1.55 0.60) W) is derived from the 
power transmitted through one cavity mirror. A spectrally sharp condensate 
peak at the cavity cut-off is observed above a critical power level, with a width 
limited by the spectrometer resolution. The inset gives theoretical spectra (solid 
lines) based on a Bose-Einstein distribution of photons for different particle 
numbers at room temperature™. a.u., arbitrary units. b, Images of the spatial 


Finally, we have investigated the condensation for a spatially mis- 
matched pumping spot. Owing to the thermal redistribution of photons 
we expect that even a spatially displaced pump beam can provide a 
sufficiently high photon density at the trap centre to reach the phase 
transition. This effect is not known in lasers, but is observed in the 
framework of polariton condensation’. For our measurement, the pump 
beam (diameter about 35 1m) was displaced at about 50 [um from the 
trap centre. Figure 4 shows a series of spatial intensity profiles recorded 
for a fixed pumping power and for different values of the cavity cut-off 
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Figure 3 | Critical power. a, Intracavity power at criticality for different 
curvatures of the cavity mirrors. The dashed line shows the theoretical 
expectation based on equation (1). b, Intracavity power at criticality (lower 
panel) versus longitudinal mode number q. The upper panel shows the required 
optical pump power Ppump, c (circles) along with a fit Poump, <*(q— qo) | 
yielding qo = 4.77 + 0.25. For this we assume an inverse proportionality to the 
absorption length in the dye q— qo, where qo incorporates an effective 
penetration depth into the cavity mirrors. The above value for qo is in good 
agreement with an independent measurement of the pump power 
transmission, yielding qg = 4.77 + 0.17. Error bars are systematic uncertainties. 
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radiation distribution transmitted through one cavity mirror both below 
(upper panel) and above (lower panel) criticality, showing a macroscopically 
occupied TEMoo-mode for the latter case. c, d, Cut through the centre of the 
intensity distribution for increasing optical pump powers (c) and width of the 
condensate peak versus condensate fraction, along with a theoretical model 
based on the Gross-Pitaevskii equation with an interaction parameter 
&=7x10 * (Methods) (d). Error bars are the systematic calibration 
uncertainties. q = 11 for c and d. All other measurements use q = 7. 


wavelength Acut-oft, Which tunes the degree of thermalization’*. The 
lower graph gives results recorded with /cut-off £610 nm, for which 
the maximum fluorescence is centred at the position of the pump spot 
(shown by a dashed line). The weak reabsorption in this wavelength 
range prevents efficient photon thermalization. When the cut-off is 
moved to shorter wavelengths, the stronger reabsorption in this wave- 
length range leads to increasingly symmetric photon distributions 
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Figure 4 | Spatial redistribution of photons. Intensity profiles recorded with 
a pump beam spot (diameter about 35 |1m) spatially displaced by 50 1m from 
the trap centre, for different cut-off wavelengths. For a cut-off wavelength of 
610 nm (bottom profile), where reabsorption is weak, the emitted radiation is 
centred at the position of the pump spot, whose profile is shown by the dashed 
line (measured by removing one of the cavity mirrors). When tuning the cavity 
cut-off to shorter wavelength values, where the reabsorption efficiency is 
increased, light is redistributed towards the trap centre. For data recorded with 
a 570 nm cut-off wavelength (top profile), a cusp appears, corresponding to a 
partly condensed state with a condensate fraction No/N of about 1%. 
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around the trap centre. For a cavity cut-off near 570 nm we observe a 
small bright spot at the position of the TEMo9-mode. The correspond- 
ing cusp in the intensity profile of Fig. 4 indicates a condensate frac- 
tion of roughly No/N~1%. These measurements show that owing to 
the photon thermalization, BEC can be achieved even when the 
pumping intensity at the position of the ground state mode is essen- 
tially zero. 

To conclude, evidence for a BEC of photons was obtained from (1) 
the spectral distribution that shows Bose-Einstein distributed photon 
energies, including a macroscopically occupied ground state, (2) the 
observed onset of the phase transition, which occurs both at the pre- 
dicted absolute value of the photon number and shows the expected 
scaling with resonator geometry, and (3) the condensation appearing 
at the trap centre even for a spatially disjunct pump spot. It is instruc- 
tive to discuss the relation of a photon BEC to microlasers, which also 
use high finesse cavities to capture the emission of excited-state atoms 
and molecules in a small volume**’. The low lasing thresholds and 
potentially inversionless oscillation of microlasers, however, result 
from a high coupling efficiency of spontaneous photons into a single 
cavity mode—which is not the case here, as is evident from the 
observed highly multimodal emission below criticality. The main dif- 
ference between a laser and BEC remains that the BEC (in contrast to 
the laser) is in thermal equilibrium, with the macroscopically popu- 
lated mode being a consequence of equilibrium Bose statistics. 

An interesting consequence of a grand-canonical particle exchange 
between photon gas and the reservoir of excited state dye molecules is 
that unusually large number fluctuations of the condensed phase could 
occur’*. We expect that the concept of photon condensation holds 
promise for the exploration of novel states of light, and for light sources 
in new wavelength regimes. 


METHODS SUMMARY 

Preparation of photon gas. Photons are confined in an optical microresonator 
consisting of two curved dielectric mirrors with >99.997% reflectivity, filled with 
dye solution. The dye is pumped with a laser beam near 532 nm wavelength (about 
70 tum diameter except for Fig. 4) directed at an angle of 45° to the optical axis, 
exploiting a reflectivity minimum of the mirrors. The trapped photon gas therma- 
lizes to the rovibrational temperature T of the dye solution by repeated absorption 
and emission processes, as follows from a detailed balance condition” fulfilled in 
media obeying the Kennard-Stepanov relation”? fr(w)/ar(w) care "/*7, 
which describes a temperature-dependent frequency scaling of absorption co- 
efficient «7(@) versus emission strength f;(w). We note that this equilibrium 
between photons and the dye solution is reminiscent of Einstein’s description of 
the heat contact between radiation and a Doppler-broadened gas”. 

Photon dispersion in cavity and optical self-interaction. The photon energy in 
the resonator as a function of transversal (k,) and longitudinal (k,) wavenumber 
reads E=hc,/k2 +k, where c denotes the speed of light in the medium. The 
boundary conditions yield k,(r)=qz/D(r), where D(r) =D —2(R— Vv R? —r*) 
gives the mirror separation at distance r from the optical axis. For fixed longitudinal 
mode number q and in paraxial approximation (r < R, k; < kz), one arrives at the 
dispersion of a particle with nonvanishing mass mpp =hk,(0)/c=hOcux-off / c, 
with its motion restricted to the (two-dimensional) transverse resonator plane 
under harmonic confinement with trapping frequency Q=cy/2/DpR; see ref. 
14. A possible self-interaction of photons (Kerr lensing or thermal lensing in the 
limit of neglibile transverse heat flow) can be incorporated by n(r) =n + n21(r), 
where I(r) is the optical intensity and mp (& 1.33 for methanol) and np are the linear 
and nonlinear indices of refraction respectively, yielding: 

(hk,? 1 


nN 
+ mp, Lr — my? — I(r 2 
mph 2 ph ph No (r) ( ) 


E= Mpc” + 


The latter term resembles a mean-field interaction familiar from the Gross— 
Pitaevskii equation for atomic BECs, which, using a dimensionless inter- 
action parameter? g= —(m,c°n2) /(2nh* oq) and wavefunction w(r) with 
I(r) =(mpnc? y’(hq)~1No |W(r)’, can be written in the more familiar form: 


Ein =(# /mpn)ZNo |W()|? 
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Growth of graphene from solid carbon sources 


Zhengzong Sun', Zheng Yan', Jun Yao’, Elvira Beitler', Yu Zhu! & James M. Tour’? 


Monolayer graphene was first obtained’ as a transferable material 
in 2004 and has stimulated intense activity among physicists, 
chemists and material scientists’ *. Much research has been focused 
on developing routes for obtaining large sheets of monolayer or 
bilayer graphene. This has been recently achieved by chemical 
vapour deposition (CVD) of CH, or C,H gases on copper or nickel 
substrates*’. But CVD is limited to the use of gaseous raw materials, 
making it difficult to apply the technology to a wider variety of 
potential feedstocks. Here we demonstrate that large area, high- 
quality graphene with controllable thickness can be grown from 
different solid carbon sources—such as polymer films or small 
molecules—deposited on a metal catalyst substrate at temperatures 
as low as 800 °C. Both pristine graphene and doped graphene were 
grown with this one-step process using the same experimental 
set-up. 

With its extraordinary electronic and mechanical properties, gra- 
phene is showing promise in a plethora of applications’""*. Graphene 
can now be obtained by several different approaches. The original 
mechanical peeling method from highly oriented pyrolytic graphite 
yields small amounts of high quality graphene’. Liquid exfoliation and 
reduction of graphene oxide have been used to produce chemically 
converted graphene in large quantities'*'*. Annealing SiC, growth 
from amorphous carbon and CVD methods have been used to syn- 
thesize large-size graphene on wafers*”'°"”. By introducing Ni and Cu 
as the substrates for CVD growth, the size, thickness and quality of the 
produced graphene is approaching industrially useful specifications*”’. 
However, intrinsic graphene is a zero bandgap material that shows a 
weak ambipolar behaviour; transistors based on such graphene show 
small ‘on’/‘off current ratios, so they are too metallic for many 
designed electronics applications’’. In order to modify the Fermi level 
of graphene and manipulate its electronic and optical properties, dop- 
ing the graphene matrix with heteroatoms is a straightforward way to 
make an n-type, p-type or hybrid doped graphene’”’. 

In the present work, the growth of monolayer pristine graphene from 
solid carbon sources atop metal catalysts is demonstrated (Fig. 1a). The 
first solid carbon source used was a spin-coated poly(methyl metha- 
crylate) (PMMA) thin film (~100 nm) and the metal catalyst substrate 
was a Cu film. At a temperature as low as 800 °C or as high as 1,000 °C 
(tested limit) for 10 min, with a reductive gas flow (H,/Ar) and under 
low pressure conditions, a single uniform layer of graphene was formed 
on the substrate. The graphene material thus produced was successfully 
transferred to different substrates for further characterization (see 
Supplementary Materials and Supplementary Methods). 

The Raman spectrum of this monolayer PMMA-derived graphene 
is shown in Fig. 1b and the spectrum is characteristic of >10 locations 
recorded over 1 cm” of the sample. The two most pronounced peaks in 
this spectrum are the G peak at 1,580cm™' and the 2D peak at 
2,690cm*. The Ip/Ig intensity ratio is about 4 and the full-width 
at half-maximum of the 2D peak is about 30 cm ~ A. indicating that the 
graphene is a monolayer. The D peak (~1,350cm ') is in the noise 
level, indicating the presence of few sp’ carbon atoms or defects”. 

The electrical properties of the PMMA-derived graphene were eva- 
luated with back-gated graphene-based field-effect transistor (FET) 


devices atop a 200-nm-thick SiO, dielectric. Typical data for the FET 
devices are shown in Fig. 1c. For this particular device, the estimated 
carrier (hole) mobility is ~410 cm’V 's ‘at room temperature and 
the ‘on’/‘off current ratio is ~2, which is expected in graphene-based 
FET devices of this size*’. Although the graphene was pristine without 
any doping atoms, it still shows weak p-type behaviour, with the 
neutrality point moved to positive gate voltage; this probably arises 
from the physisorption of small molecules, such as HO (ref. 10). 
Placing graphene FETs under high vacuum (10 °-10 torr) for 
several days moves the neutrality point to zero (Supplementary Fig. 1), 
confirming that the weak p-type behaviour was due to physisorption of 
volatile molecules’®. 

Transmission electron microscopy (TEM) images of the pristine 
PMMA-derived graphene and its diffraction pattern are shown in 
Fig. 1d-g. The selected area electron diffraction (SAED) pattern in 
Fig. 1d displays the typical hexagonal crystalline structure of graphene. 
The layer count on the edges of the images indicates the thickness of 
this PMMA-derived graphene. The edges in Fig. le-g were randomly 
imaged under TEM and most were monolayer or bilayer graphene, 
which corroborates the Raman data. Although most of the graphene 
surface was continuous and crystalline according to its diffraction 
pattern, there is adsorbed PMMA resulting from the transfer step. 
Metal atoms or ions were also found to be trapped on the graphene 
surface (black arrows in Fig. 1g) and became charge impurities, which 
should increase the charge density but decrease the mobility of the 
PMMaA-derived graphene’. Similar phenomena have been observed 
with CVD-generated graphene*’. Atomic force microscopy was used 
to characterize the surface profile of PMMA-derived graphene on a 
SiO,/Si substrate. In Supplementary Fig. 2, the thickness of this gra- 
phene is about 0.7 nm, which confirms the monolayer nature of this 
material. However, limited by the wet-transfer technique, graphene’s 
intrinsic corrugation is still obvious in the AFM image. 

Graphene’s electronic properties are strongly linked to its thick- 
ness”®. Therefore, it would be useful to be able to control the thickness 
when producing the graphene by tuning the growth parameters. 
We have found that the thickness of PMMA-derived graphene can 
be controlled—to give a monolayer, a bilayer, or a few layers—by 
changing the Ar and Hz gas flow rate. Typical thicknesses were eva- 
luated by Raman spectroscopy (Fig. 2a) and ultraviolet transmittance 
(Fig. 2b) of the graphene. At 1,000 °C, bilayer PMMA-derived gra- 
phene was obtained when the Ar flow rate was 500 cm* STP min” ' and 
the H, flow rate was 10cm*® STP min” *. When the Ar flow rate was 
500cm*STP min | and the H, flow rate was 3-5 cm? STP min 1, 
few-layer PMMA-derived graphene formed. When the H2 flow rate 
was increased to 50cm* STP min ' or higher, only monolayer gra- 
phene was formed on the Cu substrate. Monolayer graphene showed a 
transmittance of 97.1% at 550 nm wavelength (Fig. 2b). It had a sheet 
resistance (R,) of 1,200 Q per square by the four-probe method, which 
makes it a transparent electrode material of interest. The bilayer gra- 
phene’s transmittance at 550 nm wavelength is 94.3%, which shows 
linear enhancement in the ultraviolet absorption. The few-layer 
PMMaA-derived graphene sheet in Fig. 2a has a transmittance of 
83% at 550 nm, leading to an estimated six-layer thickness. Both the 
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Figure 1 | Synthetic protocol, spectroscopic analysis and electrical 
properties of PMMA-derived graphene. a, Monolayer graphene is derived 
from solid PMMA films on Cu substrates by heating in an H,/Ar atmosphere at 
800 °C or higher (up to 1,000 °C). b, Raman spectrum (514nm excitation) of 
monolayer PMMA-derived graphene obtained at 1,000 °C. See text for details. 
c, Room temperature Ips—Vg curve from a PMMA-derived graphene-based 
back-gated FET device. Top inset, Ips—Vps characteristics as a function of Vc; 


shape and the positions of the 2D peak are significantly different from 
monolayer graphene to bilayer graphene and few-layer graphene 
(Supplementary Fig. 3). For monolayer graphene, the 2D peak can 
be fitted with a single sharp Lorentz peak. The observed 2D splitting 
in bilayer and few-layer PMMA-derived graphene can be assigned to 
the electronic band splitting caused by the interaction of the graphene 
planes. The Raman mapping of the G to 2D peak ratio illustrates the 
uniformity of the graphene films over the 70-75 um” areas investi- 
gated (Supplementary Fig. 4). For monolayer graphene, more than 
95% of the film has this signature, with Ig¢/Inp < 0.4. The bilayer gra- 
phene has more than 85% coverage, with an Ig/Ihp ~ 0.8. 

We interpret the effect of hydrogen as follows: hydrogen acts as both 
the reducing reagent and a carrier gas to remove C atoms that are 
extruded from the decomposing PMMA during growth. A slower 
Hz flow leaves more C sources for the growth of multilayer graphene. 
Owing to the low concentration and solubility of the carbon source in 
Cu, traditional CVD-grown graphene on Cu usually terminates as a 
monolayer. In this experiment, highly concentrated and uniformly 
dispersed carbon sources favour multilayer graphene when the H; flow 
is low. The higher-order layers might form through graphitization 
directly atop the first layer, which blocks the contact of the carbon 
sources with the metal catalyst. Some metal catalysts, such as Ni, are 
known to reverse graphene growth by converting graphene to hydro- 
carbon products, therefore cutting graphene along specific direc- 
tions’. This reverse reaction does not appear to occur on the 
PMMA-derived graphene which is atop the Cu. 

High quality monolayer PMMA-derived graphene was obtained at 
800 °C by this method; this is lower than the CVD growth temperature 
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Vg changes from 0 V (bottom) to — 40 V (top). Bottom inset, SEM (JEOL-6500 
microscope) image of this device where the PMMA-derived graphene is 
perpendicular to the Pt leads. Ips, drain-source current; Vg, gate voltage; Vps, 
drain-source voltage. d, SAED pattern of PMMA-derived graphene. 

e-g, HRTEM images of PMMA-derived graphene films at increasing 
magnification. In g, black arrows indicate Cu atoms. 


on Cu used in the original report® (see Supplementary Fig. 5). For the 
semiconductor industry, the lower processing temperature is favour- 
able because temperatures as high as 1,000 °C would be problematic in 
the fabrication of the multi-layer stacks of heterogeneous materials. 
Therefore, in addition to changing the Ar/H) flow rate, the graphene 
growth process was conducted at different temperatures. The quality of 
the graphene films was monitored by the D/G peak ratio from Raman 
spectroscopic analysis. The peak ratio for graphene sheets obtained 
at 800°C was less than 0.1. At 750°C, the peak ratio was ~0.35; 
hence 800 °C is the lower limit for obtaining high quality graphene 
from PMMA (Supplementary Fig. 5). We used other solid carbon 
sources—including fluorene (C;3Hjo) and sucrose (table sugar, 
C}2H2201;)—to grow monolayer graphene on Cu catalyst under the 
same growth conditions as was used for the PMMA-derived graphene. 
Because these precursors are powders not films, 10 mg of each asa finely 
ground powder was placed directly on a 1 cm? Cu foil. After subjecting 
the powder-coated Cu films to the same reaction conditions as used for 
PMMA-derived graphene, Raman spectra indicated that all of the solid 
carbon sources were transformed into monolayer graphene with no D 
peak observed (Fig. 2c). Although these solid carbon precursors contain 
potential topological defect generators (the five-membered ring in 
fluorene) or high concentrations of heteroatoms (oxygen in sucrose), 
they produce high quality pristine graphene. It is possible that at ele- 
vated temperatures under vacuum, C has a higher affinity for the metal 
catalyst surface than the heteroatoms; atom rearrangement occurs and 
most of the topological defects are self-healed as the graphene is formed. 

Other substrates—such as Ni, Si<100> with native oxide, and 200- 
nm-thick SiO; thermally grown—were also tested to determine if they 
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Figure 2 | Controllable growth of pristine PMMA-derived graphene films. 
a, Difference in Raman spectra from PMMA-derived graphene samples with 
controllable thicknesses derived from different flow rates of H5. b, The 
ultraviolet—visible absorption spectra of monolayer graphene and bilayer 
graphene; peaks are labelled with wavelength of maximum absorption, and 
value of maximum absorption. The UV transmittance (T in %) is measured at 
550 nm. c, Raman spectra of graphene derived from sucrose, fluorene and 
PMMA. d, HRTEM picture of PMMA-derived graphene grown on a Ni film. 
The PMMA-derived graphene was 3-5 layers thick at the edges. 


would grow graphene when coated with PMMA. Figure 2d is the high- 
resolution TEM image of PMMA-derived graphene grown on a Ni 
catalyst, which clearly illustrates the few-layer structure around the 
edges of PMMA-derived graphene. The Raman spectra (Supplemen- 
tary Fig. 6) confirm that Ni is an efficient catalytic substrate that con- 
verts PMMA into highly crystalline graphene materials with no D peak 
around 1,350cm /. Under the same growth conditions, neither gra- 
phene nor amorphous carbon was obtained on Si or SiO. substrates, 
according to the Raman spectroscopic analysis of the surface after the 
reaction. This demonstrates the potential to grow patterned graphene 
from a thin film of shaped Ni or Cu deposited directly on SiO./Si 
wafers without post lithographic treatment, as PMMA-derived gra- 
phene will not grow on the Si or SiO, surfaces. 

Pristine graphene can show weak p-type or n-type behaviour due to 
physisorption of small molecules, such as H,O or NH; (ref. 8). 
However, this chemical doping effect induced by physisorption is labile, 
because the small molecules can be easily desorbed under heat or 
vacuum. Therefore, intrinsically nitrogen-doped (N-doped) graphene 
is more challenging to make than pristine graphene. Intrinsically 
N-doped graphene has been obtained by two methods: introducing a 
doping gas (NH3) into the CVD systems during the graphene growth" 
or treatment of synthesized graphene or graphene oxide with NH, by 
annealing or through plasma’°’*”’. Here, by using solid carbon sources 
and solid doping reagents, doped graphene can be grown in one step 
without any changes to the CVD system. 

A doping reagent, melamine (C3NsH,), was mixed with PMMA and 
spin-coated onto the Cu surface. In order to keep the nitrogen-atom 
concentration in the systems, we use conditions similar to those 
employed for the growth of PMMA-derived graphene, except that 
the growth was done at atmospheric pressure (Supplementary 
Information). The prepared polymer films were successfully converted 
into N-doped graphene, with an N content of 2-3.5%. The X-ray 
photoemission spectroscopy (XPS) data (Fig. 3a) show the difference 
in C 1s peaks between PMMA-derived graphene and N-doped 
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PMMaA-derived graphene. The shoulder around 287eV can be 
assigned to the C-N bonding. The N 1s peak of N-doped PMMA- 
derived graphene indicates that only one type of N is present, at 
399.8 eV, corresponding to quaternary N in graphene”. This new N 
1s peak also has a 4 eV shift from that in melamine, which shows an N 
1s peak at 395.8 eV (Supplementary Fig. 7). The new N 1s peak suggests 
that the N 1s signal does not come from the melamine, but that the N 
atoms are uniformly bound into the graphene structure. The D peak of 
this material is always present in the Raman spectra, because the 
heteroatoms break the graphene symmetry and thereby introduce 
defects that are detected by Raman analysis (Fig. 3c). The D’ peak is 
also found in doped graphene materials obtained by the other doping 
methods*”*. The 2D peak position and I,p/Ig intensity ratio reveal 
that this N-doped PMMA-derived graphene is monolayer graphene. 
Compared to PMMA-derived graphene, the Inp/Ig ratio decreased 
from 4 to 2, implying a successful doping, according to the previously 
reported electrostatically gated Raman results”. 

Doping effects were also demonstrated by FETs based on N-doped 
PMMA-derived graphene. The n-type behaviour shown in Fig. 3d, with 
the neutrality point shifted to negative gate voltage, is consistently 
observed for devices on the same piece of N-doped PMMA-derived 
graphene. After keeping these FET devices under vacuum (10° °- 
10 ° torr) for 24 h, their neutrality point did not move to 0 V, indicative 
of the covalent bonding between carbon and nitrogen rather than just 
physisorption; the dopant N atoms donate free electrons to graphene. 
Meanwhile, the mobility of N-doped graphene calculated from the 
N-doped FETs was about two orders of magnitude lower than in 
PMMaA-derived graphene’'. Owing to the broken symmetry of the 
lattice structure of the N-doped graphene, the N atoms act as scattering 
centres that suppress its mobility*°. Patterned hydrogenation on 
graphene already shows its bandgap opening”’. Similarly, if the doping 
atoms are periodically dispersed in graphene’s matrix, they can not only 
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Figure 3 | Spectroscopic analysis and electrical properties of pristine and 
N-doped PMMA-derived graphene. a, XPS analysis from the C 1s peak of 
PMMaA-derived graphene (black) and N-doped PMMA-derived graphene (red); 
the shoulder can be assigned to the C-N bond. b, XPS analysis, showing the N 1s 
peak (black line) and its fitting (squares), of N-doped PMMA-derived graphene. 
The atomic concentration of N for this sample is about 2% (C is 98%). No N Is 
peak was observed for pristine PMMA-derived graphene. c, Raman spectra of 
pristine and N-doped PMMA-derived graphene. d, Room temperature Ips-Ve 
curves (Vps = 500 mV) showing n-type behaviour obtained from three different 
N-doped graphene-based back-gated FET devices. 
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tune the Fermi level of graphene, but also tailor its bandgap. However, 
in the present N-doped graphene, the ‘on’/‘off current ratio does not 
increase, which suggests that the N atoms are randomly incorporated 
into the graphene matrix. In order to manipulate both the Fermi level 
and the bandgap of graphene, patterned doping has to be achieved*’. 

In conclusion, we have demonstrated a one-step method for the 
controllable growth of both pristine graphene and doped graphene 
using solid carbon sources. This stands as a complementary method 
to CVD growth while permitting growth at lower temperature. 


METHODS SUMMARY 


Raman spectroscopy was performed on transferred graphene films on 100 nm 
SiO,/Si wafers with a Renishaw Raman microscope using 514-nm laser excitation 
at room temperature. The electrical properties were measured in a probe station 
(Desert Cryogenic TT-probe 6 system) under vacuum (10 °-10 ° torr). The I-V 
data were collected by an Agilent 4155C semiconductor parameter analyser. The 
high-resolution TEM images were taken using a 2100F field emission gun trans- 
mission electron microscope with graphene samples directly transferred onto a 
C-flat TEM grid (Protochips). XPS was performed on a PHI Quantera SXM 
scanning X-ray microprobe with 45° takeoff angle and 100 um beam size. 
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Biodiversity is rapidly declining’, and this may negatively affect 
ecosystem processes’, including economically important ecosystem 
services’. Previous studies have shown that biodiversity has positive 
effects on organisms and processes‘ across trophic levels’. However, 
only a few studies have so far incorporated an explicit food-web 
perspective’. In an eight-year biodiversity experiment, we studied 
an unprecedented range of above- and below-ground organisms and 
multitrophic interactions. A multitrophic data set originating from 
a single long-term experiment allows mechanistic insights that 
would not be gained from meta-analysis of different experiments. 
Here we show that plant diversity effects dampen with increasing 
trophic level and degree of omnivory. This was true both for abund- 
ance and species richness of organisms. Furthermore, we present 
comprehensive above-ground/below-ground biodiversity food 
webs. Both above ground and below ground, herbivores responded 
more strongly to changes in plant diversity than did carnivores or 
omnivores. Density and richness of carnivorous taxa was independ- 
ent of vegetation structure. Below-ground responses to plant diversity 
were consistently weaker than above-ground responses. Responses 
to increasing plant diversity were generally positive, but were 
negative for biological invasion, pathogen infestation and hyper- 
parasitism. Our results suggest that plant diversity has strong 
bottom-up effects on multitrophic interaction networks, with par- 
ticularly strong effects on lower trophic levels. Effects on higher 
trophic levels are indirectly mediated through bottom-up trophic 
cascades. 

The loss of biodiversity from terrestrial ecosystems has been shown 
to affect ecosystem properties, such as primary productivity’, nutrient 
cycling* and trophic interactions’. In recent biodiversity experiments, 
focal organism groups (usually plants’) were used to establish gradi- 
ents in species richness, and biodiversity effects were then measured at 
one or a few trophic levels”’. Traditionally, studies have focused on the 
effects of horizontal biodiversity loss, that is, loss of species within a 
single trophic level’®. Biodiversity loss at a given trophic level has been 
predicted to affect the abundance, biomass and resource use of that 
trophic level’. However, horizontal species loss may also affect other 


trophic levels, organism groups and processes, and, hence, vertical 
species loss and the associated multitrophic structure of ecosystems”. 
For example, declines in plant species richness may cause losses to 
herbivores, true predators, parasitoids, hyperparasitoids and omnivores, 
and may also alter mutualistic interactions such as pollination’ or 
mycorrhizal association’. Overall, there is an increasing awareness that 
the network nature of ecological systems needs to be incorporated into 
studies of biodiversity-ecosystem functioning’. 

Recent meta-analyses*” and experiments at individual study sites 
have shown plant diversity effects on a wide range of different groups of 
organisms, including primary producers, first- and second-order con- 
sumers, detritivores, fungal diseases and mycorrhizae. Additional 
studies have addressed components of the below-ground subsystem 
and their linkages with above-ground biota’’. However, interpretation 
and progress has been clouded by differences in study systems and bya 
general lack of an overarching theory incorporating both trophic and 
non-trophic interactions as well as direct and indirect interactions’*”’. 
So far, subcomponents of food webs have often been studied in isola- 
tion, for example primary producers, the decomposer subsystem", soil 
nematodes”, soil microbes, plant pathogenic fungi’, above-ground 
invertebrates’*, pollinators’ and so on. Here we present data from 
one of the most comprehensive biodiversity experiments so far, and 
show that diversity effects on higher trophic levels are mostly indirect 
and mediated through bottom-up trophic cascades. We use structural 
equation modelling approaches to develop comprehensive above- 
ground/below-ground biodiversity food webs. Finally, we link our 
results to recent interaction web models and provide explicit parameter 
estimates that can be used in future modelling exercises. 

We experimentally manipulated plant species and functional group 
richness in 82 sown grassland plots (Methods), and recorded abun- 
dances and species richness of all relevant organism groups and biotic 
interactions between 2002 and 2009 (Supplementary Table 1). All data 
were analysed on a standardized scale from zero to one and the 
relationship between plant species richness and the different response 
variables was modelled using a power function’* to allow comparisons 
and extrapolation to other systems (see Supplementary Table 1 and 
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Supplementary Fig. 3 for untransformed data). Analyses consisted of 
three steps. First, every response variable was analysed separately using 
a common set of linear, saturating and exponential models with 
untransformed plant species richness as the main explanatory variable. 
The presence of legumes and grasses and the number of plant func- 
tional groups were fitted as additional covariates. Variance hetero- 
geneity was modelled using variance functions. Model selection was 
based on the Akaike information criterion for small sample sizes 
(AICc). Then, for parsimony, models were refitted using a power 
function. This allowed comparisons between the abundance and 
species richness of herbivores, carnivores and all other functional 
groups. Finally, multivariate techniques (multivariate linear models 
and structural equation models) were used to account for non- 
independence of variables measured on the same field plots. 

Plant species richness had highly significant overall effects on the 
abundances of other organisms (Tpp = 0.56 (Pillai-Bartlett trace), 
approximately F-distributed with F,o,37 = 4.741, P< 0.001; Fig. 1a, c), 
the species richness of other organism groups (Tp, = 0.788, approx. 
Fo3g = 15.69, P<0.001; Fig. 1b, d) and on trophic interactions 
(Tpp = 0.733, approx. Fjo,22 = 6.04, P< 0.001; Supplementary Fig. 1; 
see Supplementary Methods for definitions of interactions). The 
abundance and species richness of organisms and biotic interactions 
were affected in broadly similar ways by changes in plant species rich- 
ness (Fig. 1 and Supplementary Fig. 1). 

Model selection using the complete range of linear, saturating and 
exponential models (Supplementary Tables 2 and 3) showed that 90% 
ofall relationships could be approximated by a power model of the form 
y=a+t bS’ (ref. 18), where the exponent z can take any real value (in 
particular zero and one as special cases). Only five out of 38 organism 
groups declined with plant species richness (abundances of hyper- 
parasitoids, fungivorous nematodes and mites, and abundance and 
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Figure 1 | Effects of plant species richness on above- and below-ground 
organisms in temperate grassland. a, b, Abundance (a) and species richness 
(b) of above-ground organisms. c, d, Abundance (c) and species richness (d) of 
below-ground organisms. All response variables scaled to [0, 1]. Every curve is 
fitted using a power function with covariates (Methods). Identical colours in 
each pair of panels indicate identical groups of organisms. For sample sizes, see 
Supplementary Table 1. Herb., herbivorous; Sap., saprophagous. 
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species richness of plant invaders; Supplementary Table 4). Responses 
of the below-ground subsystem were consistently smaller (average 
power model exponent of 0.11) than above-ground responses (expo- 
nent of 0.14). 

Although most responses were saturating, closer inspection (Sup- 
plementary Table 5a—c) revealed consistent differences between the 
responses of herbivores, carnivores, omnivores and other trophic 
groups that are likely to reflect a general pattern (Fig. 2): with increasing 
trophic distance and for omnivores, species richness effects dampened— 
as indicated by the magnitude of the exponent of the common power 
function (Supplementary Table 4). This effect was found both for 
organism abundances and organism species richness, both above 
and below ground, and it was further supported by structural equation 
models (Fig. 3 and Supplementary Tables 6-10). Together, these find- 
ings indicate that species richness effects are generally dampened along 
trophic cascades. 

If plant species richness acts on other organisms along trophic 
cascades, and plant species richness is the only experimentally manipu- 
lated variable, then the simplest conceptual model in our case is a 
bottom-up model of plant species richness effects; that is, plant species 
richness effects are passed from one trophic level to the next. Several 
authors have suggested such a ‘bottom-up template’ perspective for 
terrestrial food webs*’. Both decomposers and predators have long 
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Figure 2 | Dampening of plant species richness effects with increasing 
trophic level. a, Conceptual figure showing how different values of z may 
influence biodiversity effects (x axis shows example range of 1-60 plant 
species). b, Estimates of z for above-ground herbivores, carnivores, parasitoids 
and omnivores. c, As in b, but for below-ground organisms. The y axes in b and 
c show estimated exponents of power functions fitted to data scaled to [0, 1]. 
Significant differences in z values are indicated by asterisks (*P < 0.05, N = 50 
for above-ground organisms; (*)P = 0.06, N = 82 for below-ground 
organisms). Estimates are model predictions + s.e. 
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Figure 3 | Food web of above- and below-ground biodiversity. Results of a 
structural equation model with N = 50, va = 32.56, P = 0.212, 27 degrees of 
freedom and a root mean squared error of approximation of 0.065 (90% 
confidence interval, [0, 0.135]). A model with top-down control of herbivores 
by carnivores had ¢ = 32.07, P= 0.156 and 25 degrees of freedom. a, Above- 
ground compartment; b, below-ground compartment. Unshaded rectangles 
represent observed variables (organism abundances). Circles indicate error 


been proposed to be controlled essentially from the bottom up”. 
However, top-down effects may also be expected, in particular if her- 
bivores are not food limited”. 

Using structural equation models, we constructed a minimal 
adequate above-ground/below-ground biodiversity food web and found 
that plant species richness had almost exclusively bottom-up effects on 
higher trophic levels, both above and below ground (Fig. 3 and Sup- 
plementary Fig. 2). Three different theoretical constructs were used: a 
full model with bottom-up paths only; a full model with bottom-up 
and top-down paths; and all possible sets of reduced models, generated 
by single deletions of connections from full models (Supplemen- 
tary Methods). These analyses showed that top-down control of 
herbivores by predators was not supported by the data. Other models 
(for example assuming direct effects of plant species richness on preda- 
tors or omnivores) were rejected; that is, their implied covariance matrix 
differed significantly from the observed covariance matrix. In addition, 
we were able to reject hypotheses that assume positive responses only 
for specific trophic levels”. Although plant biomass was indirectly linked 
to changes in predator or parasitoid abundance, these effects were not 
significant. This indicates that plant species richness effects are generally 
not mediated through vegetation density or biomass (Fig. 3a). 

In a separate structural equation model for below-ground organ- 
isms, the amount of above-ground dead plant biomass entering the 


terms (e1—e9). Solid and dashed arrows connecting boxes show significant and 
non-significant effects, respectively. Numbers next to arrows and boxes are 
unstandardized slopes and intercepts, respectively. Double-headed arrows 
indicate correlations between error terms. Plant species richness was 
experimentally manipulated and has no error term. For details, see 
Supplementary Tables 6-10. Herb., herbivorous; Pred., predatory; Sap., 
saprophagous. 


below-ground system was generally less important than plant species 
richness per se (Supplementary Fig. 2). Hence, plant species richness 
had direct effects mainly on primary consumers, for example herbi- 
vorous macrofauna or herbivorous nematodes. In addition, there were 
strong direct effects of plant species richness on soil microbes and 
protozoans (Supplementary Fig. 2). It is likely that many of these 
below-ground responses are mediated either through changes in root 
production or through root exudates, but not through dead biomass or 
the amount of litter input (Supplementary Fig. 2). The direct plant 
species richness effects on microbes and protozoans could be mediated 
by changes in litter chemistry, litter diversity'® or root exudates”. 

Although structural equation models can be used to infer causality”’, 
strong inference requires experimental manipulation of trophic levels 
in addition to manipulations of plant diversity. We therefore exposed 
experimental nesting sites for prey (wild bees) and measured parasitism 
rates (Supplementary Fig. 1) as proxies for top-down control (Sup- 
plementary Methods). Parasitism increased with plant species richness, 
resulting in enhanced potential for biological control in species-rich 
systems. 

One of the most fascinating developments in the theory of biodiver- 
sity and ecosystem processes is the inclusion of trophic and non-trophic 
interactions into generalized Lotka-Volterra models'®. These models 
have theoretically predicted a bottom-up control of carnivores by plants, 
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with carnivore biomass indirectly controlled by plant and herbivore 
biomass, and top-down control of herbivores by carnivores. Struc- 
tural equation models are a powerful tool for detecting such mutual 
dependencies, greatly enhancing our understanding of biodiversity 
effects in multitrophic systems. Overall, our results from a wide variety 
of organism groups provide strong support for a prominent role of plant 
species richness (rather than productivity or other covariates) in shap- 
ing multitrophic interactions. 

Our results present the intriguing possibility that the effects of the 
species richness of one trophic level on others decrease with trophic 
distance. This hypothesis merits exploration by means of experimental 
manipulations of species numbers on other trophic levels. Because even 
an experiment as large as ours (82 plots) limits how many variables can 
reasonably be included in a multiple regression or structural equation 
model, future studies should be designed explicitly with a particular 
network of trophic interactions in mind. These studies could also be 
combinations of observational and experimental approaches. 

We scaled all response variables to allow us to seek generalizations 
across different types of organism and trophic levels, but note that 
unscaled analyses might offer other types of insight. We also note that 
detailed collection of data at the level of each individual species, although 
prohibitively time consuming in a broad survey such as ours, is also likely 
to offer added insight. Our study should therefore be seen as a starting 
point rather than as an end point for further analyses of other data sets. 

We have shown that the consequences of biodiversity loss are con- 
sistently negative for most organism groups and interactions, with 
particularly far-reaching feedback effects on basal trophic levels. 
Below-ground organisms will be less affected by biodiversity change 
(or will respond more slowly) than above-ground ones. Changes in 
plant species richness will affect neighbouring trophic levels and cascade 
up to higher trophic levels. Exponents of power functions (y = bS*) will 
decline with trophic level. Our results highlight the importance of a 
diverse resource base** for trophic interactions in terrestrial ecosystems. 


METHODS SUMMARY 

Experimental design. In a 10-ha former arable field near Jena (Germany), we 
controlled the number of plant species, functional groups and plant functional 
identity in 82 plots, each 20 m X 20 m, in a randomized block design”. Plots were 
seeded in May 2002 with 1, 2, 4, 8, 16 or 60 perennial grassland plant species, with 
16, 16, 16, 16, 14 and 4 replicates, respectively. Plot compositions were randomly 
chosen from 60 plant species typical for local Arrhenatherum grasslands. Plots 
were maintained by mowing, weeding and herbicide applications. 

Ecosystem variables. Sown and realized plant species richness were highly corre- 
lated (2006: Spearman’s rank correlation coefficient, 0.995; t = 91.94; 80 degrees of 
freedom; P< 2.2 X 107 !°); hence, sown richness was used for analysis. Above- 
ground invertebrates were collected on N = 50 plots using pitfall traps and suction 
sampling. Below-ground macro- and mesofauna were extracted from Kempson 
soil cores. Special sampling protocols were used for microorganisms (fungi, bacteria). 
Decomposition was measured using litter bags. Flower visitation was a count of 
pollinator visits. Parasitism was measured using a trap-nest technique. Hyper- 
parasitism was measured from aphid mummy counts in 6.25-m? replicate plots. 
Pathogen damage above ground and herbivory were estimated visually. Plant inva- 
sion was a count of the numbers of an invader plant species per unit area. Microbial 
biomass was measured using glucose as an artificial substrate. A full description is 
available in the Supplementary Methods. 

Statistics. Explanatory variables in linear models were block, plant species richness, 
plant functional group richness, and grass and legume presence. Nonlinear models 
contained plant species richness, with legume and grass presence and functional 
richness as covariates. Models were simplified and compared using AICc. To test for 
differences between slopes, multivariate linear models were constructed, and ortho- 
gonal contrasts were used to test linear hypotheses. Structural equation models were 
fitted to test specific hypotheses on causal relationships. 
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Pericytes regulate the blood-brain barrier 
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The blood-brain barrier (BBB) consists of specific physical barriers, 
enzymes and transporters, which together maintain the necessary 
extracellular environment of the central nervous system (CNS)'. 
The main physical barrier is found in the CNS endothelial cell, 
and depends on continuous complexes of tight junctions combined 
with reduced vesicular transport’. Other possible constituents of the 
BBB include extracellular matrix, astrocytes and pericytes’, but the 
relative contribution of these different components to the BBB 
remains largely unknown’’. Here we demonstrate a direct role of 
pericytes at the BBB in vivo. Using a set of adult viable pericyte- 
deficient mouse mutants we show that pericyte deficiency increases 
the permeability of the BBB to water and a range of low-molecular- 
mass and high-molecular-mass tracers. The increased permeability 
occurs by endothelial transcytosis, a process that is rapidly arrested 
by the drug imatinib. Furthermore, we show that pericytes function 
at the BBB in at least two ways: by regulating BBB-specific gene 
expression patterns in endothelial cells, and by inducing polariza- 
tion of astrocyte end-feet surrounding CNS blood vessels. Our 
results indicate a novel and critical role for pericytes in the integ- 
ration of endothelial and astrocyte functions at the neurovascular 
unit, and in the regulation of the BBB. 

Platelet-derived growth factor (PDGF)-B/PDGEF receptor- B (PDGFR- 
B) signalling is necessary for pericyte recruitment during angiogenesis*”. 
Perinatal lethality precludes analysis of postnatal processes in Pdgfb or 
Pdgfrb null mice®”, but several other mouse mutants of this pathway are 
viable postnatally. Two such mutants were used here: PDGF-B retention 
motif knockouts (Pdgfb""") where PDGE-B binding to heparan sul- 
phate proteoglycans was disrupted*; and mutants in which Pdgfb null 
alleles were complemented by one or two copies of a conditionally silent 
human PDGF-B transgene targeted to the Rosa26 locus and activated by 
endothelial Cre recombinase (hemizygous R26P*’° or homozygous 
R26P*/* mice; Supplementary Fig. 2a—d). 

We quantified pericyte coverage in different regions of the CNS by 
CD13 or PDGFR-B staining (Fig. 1a, b, e and Supplementary Fig. 3). 
Pdgfb'*"", R26P*" and R26P*'* mice displayed pericyte coverage 
corresponding to 26%, 40% and 72%, respectively, compared to con- 
trols (Fig. 1a, b). Quantification of absolute numbers of mural cells 
(pericytes and vascular smooth muscle cells) using the transgenic 
reporter XLacZ4° confirmed low mural cell densities in Pdgfb'\"* 
and R26P*”° mice, and close to normal levels in R26P*/* mice (Sup- 
plementary Fig. 3b-p). We extended previous observations**!°"' that 
reduced pericyte densities correlate with increased vessel diameter 
and reduced vessel density (Fig. lc-e and Supplementary Fig. 4). 
Importantly, these phenotypes were almost completely normalized 
in R26P*/* mice (Fig. 1d, e and Supplementary Fig. 4a-c). 

Increased water content in brains of Pdgfb"*’"" mice (Fig. 1f) indi- 
cated impairment of the BBB. We tested the BBB integrity in the differ- 
ent mutants using a panel of tracers (Supplementary Table 1). The azo 
dye Evans blue’? accumulated in mutant brain parenchyma in a time- 
dependent fashion (Fig. 1i) and in correlation with pericyte density: it 
was largest in Pdgfb"" mice followed by R26P*/° and R26P*’* 


(Fig. 1g, h, j and Supplementary Fig. 5a—c). Similarly, the fluorescent 
dye cadaverine Alexa Fluor-555 accumulated significantly in the brain 
parenchyma of Pdgfb'*"** and R26P*"° mice (Fig. 1j and Supplemen- 
tary Fig. 5d, h, i). Additionally, fluorescently labelled albumin, 70 kDa 
dextran and IgG passed the BBB in Pdgfb"’""' and R26P*"° mice, but not 
in controls or in R26P*/* mice (Fig. 1j and Supplementary Fig. 5e-g). 
These experiments establish a close correlation between pericyte density 
and permeability across the BBB for a range of tracers of different 
molecular masses (Supplementary Table 1). 

Permeability in CNS vessels is impeded by continuous complexes of 
endothelial junctions'*"*. We studied such complexes in adult pericyte- 
deficient mutants using markers for adherens (VE-cadherin) and tight 
(ZO-1 and claudin 5) junctions. Pdgfb"", R26P*’° and controls 
showed junctional marker expression at similar levels as judged by 
immunostaining and western blotting (Supplementary Fig. 6a—c and 
data not shown). The junctional markers were distributed in a pattern 
consistent with continuous junction complexes in both mutants and 
controls; however, mutants displayed focally increased junctional width 
and undulation. These patterns were confirmed by transmission elec- 
tron microscopy, which failed to reveal any apparent abnormalities in 
the ultrastructure of endothelial junctions, with the exception that 
longer and irregular stretches of endothelial overlap were commonly 
found in pericyte-deficient mutants (Fig. 2c and Supplementary Fig. 6e). 

Because continuity, ultrastructure and marker expression were con- 
sistent with retained integrity of endothelial junctions in the absence of 
pericytes, we took advantage of the fixable nature of the fluorescent 
tracers to explore the route of extravasation in Pdgfb"*”"*' and R26P*’° 
mice in more detail. Cadaverine Alexa Fluor-555 accumulated in 
endothelial cells and in the brain parenchyma in Pdgfb"’"" and 
R26P*’° mice, but not in controls or in R26P*/* mice (Fig. 2a). Extra- 
vasated cadaverine Alexa Fluor-555 localized mainly to neurons 
(Figs 2a and 3d and Supplementary Fig. 7a). Similar patterns of dis- 
tribution were observed for fluorescent albumin, IgG and 70kDa 
dextran (Fig. 2b and Supplementary Fig. 7b). We also studied the 
distribution of horseradish peroxidase (HRP, 44 kDa) by transmission 
electron microscopy. We found increased uptake of HRP specifically 
in macrovesicular structures in the endothelium in Pdgfb"*”"" mice in 
comparison with controls (Fig. 2c, d and Supplementary Fig. 6d, e). 
Pdgfb'“""" microvessels also showed marked accumulation of HRP 
reactivity at the vascular basement membrane, without apparent co- 
localization with endothelial junctions (Fig. 2c, d and Supplementary 
Fig. 6d, e). Together, these observations indicate that macromolecular 
permeability across the BBB in pericyte-deficient vessels occurs 
through a transcytosis route. Pericyte deficiency was not associated 
with changes in the polarization or with signs of fenestration in the 
endothelial cells (Supplementary Figs 4d, 6d, e and 7c), features that 
characterize the BBB defects observed as a result of impaired Wnt/B- 
catenin signalling’>"*. 

The BBB breaks open in conjunction with stroke, leading to life- 
threatening CNS oedema. A recent study demonstrated that the tyro- 
sine kinase inhibitor imatinib counteracts oedema in experimental 
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Figure 1 | Pericyte coverage correlates with BBB 
integrity. a, b, Quantification of pericyte coverage 
of capillaries in the cerebral neocortex of adult 
Pdgfb'*"* mice (a), and R26P*’° and R26P*/* 
mice (b). ¢, d, Capillary diameter in the cerebral 
neocortex of adult Pdgft'"’ ret mice (c), and 
R26P*"° and R26P*!* mice (d), with or without 
pericyte coverage. e, Three-dimensional 
reconstructions of confocal image z-stacks of adult 
cerebral neocortex vasculature depicted by collagen 
IV (basement membrane) and CD13 (pericyte) 
staining in Pdgfb"’"*, R26P *"° and R26P*!* mice. 
f, Wet/dry weight ratios of control and Pdgfb"""*' 
mice. g, h, Quantification of Evans blue in 
Pdgfb'*"* mice (g) and R26P*’° and R26P */* 
mice (h) in the cerebrum after 16h of circulation. 
i, Time course of Evans blue accumulation in the 
cerebrum of Pdgfb"*"”"* animals. y-axis shows 
optical density (OD) at 620 nm per gram of tissue. 
j, Whole brains photographed after tracer 
circulation. Circulation time was 16h for Evans 
blue, BSA-Alexa Fluor-555, dextran-TMR and 
IgG-DyLight 549, and 2h for cadaverine Alexa 
Fluor-555. *P < 0.03; **P < 0.007; ***P < 0.0005. 
All error bars show mean + s.e.m. 


Figure 2 | Pericyte-deficient mice show 
accumulation of intravenously injected tracers in 
the brain parenchyma and in the endothelium. 
a, Accumulation of cadaverine Alexa Fluor-555 
(red) in the cerebral neocortex in Pdgfb'""" or 
R26P*’° mice but not in control and R26P*/* 
mice. b, Extravasation of BSA-Alexa Fluor-555 
(red) and IgG-DyLight 549 (red) in Pdgfb"*"”""' mice 
but not in controls. Asterisks in a and b mark 
neuronal nuclei. Arrowheads in b point to tracer in 
endothelial cells. Endothelial cells in a and b are 
visualized by Glut1 immunostaining (white). 

c, d, Electron microscopy images show HRP in 
large vesicles (arrows) and at the basal lamina 
(arrowheads) in Pdgfore!"** mice. 
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Figure 3 | Imatinib treatment abolishes accumulation of intravenously 
injected tracers in the brain parenchyma in pericyte-deficient mutants. 
a-c, Quantification of cadaverine Alexa Fluor-555 in Pdgfore"* mice (a) and 
R26P*”? and R26P*/* mice (b) in the cerebrum after 2 h of circulation, and of 
IgG-DyLight 549 (c) in Pdgfb"*"""*t mice in the cerebrum after 16 h of 
circulation, with and without previous imatinib treatment. y axis shows relative 
fluorescence units (R.F.U.) per gram of tissue. d, e, Three-dimensional 


stroke induced in mice’’. We found that imatinib treatment quickly and 
dose-dependently reversed brain parenchymal accumulation of all 
tested tracers in pericyte-deficient mice (Fig. 3 and Supplementary 
Fig. 8). In contrast, accumulation and punctuate distribution of fluor- 
escent dextran and IgG in the endothelial cells was enhanced (Fig. 3e 
and Supplementary Fig. 8b, d, e). This indicates that imatinib inhibits 
the release of tracer from endothelial cells into the brain parenchyma, 
consistent with an effect on a late step in the endothelial transcytosis 
process. Notably, imatinib treatment did not normalize pericyte abund- 
ance, vessel diameter, density, or the convoluted appearance of 
endothelial junctions (Fig. 3d and Supplementary Fig. 9). 

To address whether pericytes regulate brain-specific endothelial dif- 
ferentiation we used microarrays to assess the expression of known 
BBB markers* in microvascular fragments isolated from adult peri- 
cyte-deficient mutants and controls. Such fragments mostly consist 
of endothelial cells'*, but also include pericytes (when present) and 
astrocyte end-feet. We used previously obtained array data on embry- 
onic brain microvascular fragments, isolated kidney glomeruli and 
whole brain for comparison’**°. These analyses show that most BBB 
markers are unaffected by pericyte deficiency at the mRNA level 
(Fig. 4a, b and Supplementary Table 2). Two known BBB markers 
for which antibodies were available were assessed at the level of protein 
expression: Glutl (predicted to be unaffected by pericyte deficiency) 
and transferrin receptor (CD71) (predicted to be downregulated in the 
pericyte-deficient state). In agreement with the gene expression data, 
we found that Glut1 protein was uniformly expressed in brain endothe- 
lial cells irrespective of the degree of pericyte coverage (Figs 2-4 and 
Supplementary Fig. 10), whereas CD71 expression was downregulated 
in the endothelium lacking pericyte contact (Supplementary Fig. 10). 
Together, these results indicate that pericytes exert a discrete influence 
on the endothelial BBB-specific gene and protein expression profile. 

Astrocytes attach to blood vessels through cap-like cytoplastic 
processes—end-feet—carrying specific channels and transporters, 


Imatinib 


reconstructions of confocal image z-stacks of cerebral neocortex of mice 
injected intravenously with cadaverine Alexa Fluor-555 (d) or 70 kDa dextran- 
TMR (e). Whereas imatinib abolishes tracer accumulation in neurons in 
Pdgft'" ret and R26P*’° mice (d and arrowheads in e), it increases punctuate 
accumulations in endothelial cells (arrows in e). *P < 0.03; **P < 0.005. All 
error bars show mean + s.e.m. 


for example, aquaporin 4 (Aqp4) and Kir4.1, which are targeted to 
astrocyte end-feet to control water and ion homeostasis at the vessel- 
neuron interface’. Little is known about how contacts between blood 
vessels and astrocyte end-feet are established and maintained’. Our 
gene array data indicated downregulation of several astrocyte markers 
in pericyte-deficient brain microvascular fragments (Supplementary 
Table 2 and data not shown). We therefore asked if pericytes, which 
are partially sandwiched between the endothelial cells and the astrocyte 
end-feet, might affect astrocytes, and, specifically, if pericyte deficiency 
leads to changes in astrocyte end-foot distribution or polarization. 
Three markers for the polarized astrocyte end-foot, Aqp4, o-syntrophin 
and laminin «2 chain (Lamaz2), all provided uniform labelling of micro- 
vessel abluminal surfaces in control brains, consistent with a polarized 
expression of these markers (Fig. 4c-e and Supplementary Fig. 11). 
However, in pericyte-deficient mutants, the vascular staining for 
these markers was weaker than in controls, and the Aqp4 staining 
was also re-distributed to other regions of the astrocytes, indicating 
abnormal polarization of the astrocyte end-feet (Supplementary Fig. 11). 
Interestingly, we found that pericytes that were detached from the 
endothelial cells showed intense lining with Aqp4 and «-syntrophin 
immunostaining (Fig. 4d and data not shown). This indicates that 
pericytes express cues that mediate attachment of astrocyte end-feet. 
The strong reduction in deposition of the astrocyte-derived basement 
membrane component Lama2 (Fig. 4e) prompted us to study the 
expression of a range of other vascular basement membrane com- 
ponents. These analyses failed to show any significant changes in the 
deposition of endothelium-derived basement membrane proteins 
laminin «4, laminin «5, nidogen and perlecan in pericyte-deficient 
vessels (Supplementary Fig. 12). 

BBB properties are not intrinsic to CNS endothelial cells, but are 
induced when the cells are in contact with astrocytes in vitro and in 
vivo’>*, Recent evidence also suggests a role for neuronal precursors 
and Wnt signalling in BBB induction in vivo’*'*”. A role for pericytes 
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Figure 4 | Transcript profiling of brain microvasculature and 
characterization of the polarization defect of astrocyte end-feet in pericyte- 
deficient mutants. a, Relative expression (log, fold difference) of known 
markers for the BBB, endothelial cells, astrocytes, pericytes and glomerular 
podocytes in adult brain microvascular fragments (BMF) versus whole brain (x 
axis) and brain microvascular fragments versus glomeruli (y axis). Note the 
higher expression of BBB markers in brain microvascular fragments compared 
to glomeruli. b, Relative expression of the same genes as in a for control and 
pericyte-deficient (PD) mutants (y axis; see Supplementary Tables 2 and 3 for 
gene identifiers and further information on methodology). c, d, Astrocyte end- 
feet (red) localize to microvessels (green) in controls but also to structures 
bridging adjacent vessels in Pdgfb"'"' and R26P *'° mice (arrowheads in c) that 
were identified as detached PDGFR-f positive pericytes (d, arrowheads). 
Arrows in ¢ point to diffuse Aqp4 staining (red) in pericyte-deficient mice not 
associated with vessels (see also Supplementary Fig. 11a). Pdclxn, podocalyxin. 
e, Pdgfb'’"* and R26P *’° have reduced deposition of the astrocyte-derived 
basement membrane component laminin «2-chain compared to control and 
R26P*/* animals. Scale bars in c, 20 um. 
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in endothelial barrier formation has been suggested based on in vitro 
co-culture experiments”*”’, but evidence for any specific role of pericytes 
in BBB formation has so far been lacking. Here we provide evidence 
for an in vivo role of pericytes in regulating the mammalian BBB 
(schematically illustrated in Supplementary Fig. 1). The increased 
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endothelial transcytosis that occurs as a result of brain pericyte defi- 
ciency in the mouse mutants is compatible with a normal lifespan of 
the mouse mutants, in spite of the fact that this increase results in 
oedema and extravasation of plasma proteins in the brain. This is 
probably tolerated because leakage is slow, allowing the brain to adapt 
and compensate for any resulting changes in the interstitial environ- 
ment. Viable pericyte-deficient animal models should therefore be 
useful in further studies of the putative functional consequences of 
BBB impairments for higher and integrated neuronal functions, learn- 
ing and behaviour, and for the progression of brain diseases. Notably, 
we have demonstrated that the pericyte-deficient state makes the BBB 
permeable to immunoglobulins. Further elucidation of the molecular 
mechanisms that trigger opening and closure of this route across the 
BBB should therefore be of pharmaceutical significance. 


METHODS SUMMARY 


Animals. The following transgenic mouse lines were used for experiments: PDGF- 
B knockout®, PDGF-B retention motif knockout*, Tie2Cre (ref. 28), Rosa26 
hPDGF-B (this study), XLacZA4 (ref. 9) and Z/EG (ref. 29). Animal experiments 
were approved by the Stockholm’s North Ethical Committee for Animal Research. 
Generation of Rosa26 hPDGF-B mice. A full-length human PDGF-B cDNA 
sequence preceded by a splice acceptor site and a JoxP-site-flanked transcription 
stop cassette was cloned into a vector designed for homologous recombination 
into the ubiquitously expressed ROSA26 locus* (Supplementary Fig. 2a). Gene- 
targeted mice were generated from the ES cells by standard methods. A detailed 
description is provided in Methods. 

Intravenous injection of tracers and detection of injected tracers. The follow- 
ing tracers were used: Evans blue (Sigma Aldrich), lysine-fixable cadaverine con- 
jugated to Alexa Fluor-555 (Invitrogen), bovine serum albumin conjugated to 
Alexa Fluor-555 (Invitrogen), lysine-fixable 70 kDa dextran conjugated to tetra- 
methylrhodamine (TMR) (Invitrogen), and goat anti-human IgG conjugated to 
DyLight 549 (Jackson Immunoresearch Laboratories). Evans blue in the brain was 
quantified by spectrophotometry as described’’. Detailed information about the 
quantification of cadaverine-Alexa Fluor-555 and DyLight-549 conjugated goat 
anti-human IgG in the brain is given in Methods. When indicated, animals were 
treated with three or four doses of imatinib (150mg kg ') twice per day before 
tracer injections. 

Statistical analysis. Statistical significance was determined by using unpaired 
two-tailed or one-tailed Student’s f-test (GraphPad Prism5). Differences were 
considered significant with a P value less than 0.05. Quantified data are presented 
as mean = s.e.m. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Progeny from the following transgenic mouse lines were used for experi- 
ments: PDGE-B knockout*®, PDGE-B retention motif knockout’, Tie2Cre (ref. 28), 
Rosa26 hPDGF-B (this study), XLacZ4 (ref. 9), Z/EG (ref. 29). PDGF-B retention 
motif knockouts were analysed on a C57BL6/J genetic background and R26P*/° 
and R26P*/* animals ona mixed C57BL6/J and 129sv genetic background. Animal 
experiments were approved by the Stockholm’s North Ethical Committee for 
Animal Research. 

Generation of Rosa26 hPDGF-B mice. A DNA cassette consisting of a full- 
length human PDGF-B cDNA sequence preceded by a splice acceptor site and a 
loxP-site-flanked transcription stop cassette was cloned into a vector designed for 
homologous recombination into the ubiquitously expressed ROSA26 locus’ 
(Supplementary Fig. 2a). The targeting vector was verified by sequencing and 
electroporated into endothelial cells. Positive clones were identified by PCR and 
confirmed by Southern blot hybridization as described’®. Gene-targeted mice were 
generated from the ES cells by standard methods. Animal genotyping was done by 
PCR. The following PCR primers were used: R26F2, 5’-AAAGTCGCT 
CTGAGTTGTTAT-3’; R26SR, 5’-CCCACTGGAAAGACCGCGAAGAGT-3’; 
R523, 5'-GGAGCGGGAGAAATGGATATG-3’ generated a 250-bp PCR frag- 
ment from the mutant allele and a 500-bp fragment from the wild-type allele. 
Expression of hPDGF-B was activated in endothelial cells by crossing with Tie2Cre 
transgenes (Supplementary Fig. 2b). 

Quantification of vessel diameter, density and pericyte coverage. Quantification 
of vessel pericyte coverage was performed on 50 tm vibratome brain sections. Four 
corresponding areas in three animals of each genotype were analysed at 
3-5 months of age. Blood vessels were visualized by collagen IV and pericytes by 
CD13 or PDGFR-f immunostainings. 14-16-p1m-thick z-stacks were captured 
using an LSM Meta 510 microscope (Carl Zeiss AG). Quantification of pericyte 
numbers, vessel length and diameter was performed using Volocity software 
(Improvision, a PerkinElmer Company). 

Antibodies and immunohistochemistry. The following primary antibodies were 
used: rabbit anti-rat aquaporin 4 (AB3068, Chemicon); rat anti-mouse CD13 
(558744, BD PharMingen); rabbit anti-mouse collagen IV (2150-1470, AbD 
Serotec); rabbit anti-Glutl (07-1401, Millipore); rat anti-mouse PDGFR-B (14- 
1402, eBioscience); goat anti-mouse podocalyxin (AF1556, R&D Systems). 
Secondary antibodies (goat anti-rat, goat anti-rabbit, donkey anti-goat) conju- 
gated with Alexa Fluor dyes were obtained from Invitrogen. For immunostainings 
in which two primary rabbit antibodies were used, one was directly labelled using 
the Zenon rabbit IgG labelling kit (Invitrogen). Immunohistochemistry was per- 
formed on 50 or 100 um brain coronal vibratome sections. Specimens were analysed 
using an LSM 510 META (Carl Zeiss AG) microscope. Image processing was done 
using Volocity 64 (Improvision), Adobe Photoshop CS3, and Adobe Illustrator CS3 
(Adobe Systems). All immunohistochemistry images presented are three-dimen- 
sional reconstructions of z-stacks. 

Intravenous injection of tracers and detection of injected tracers. Tracers were 
injected intravenously into the tail vein in adult (2-8 months) mice. The following 
tracers were used: Evans blue (Sigma Aldrich), lysine-fixable cadaverine conju- 
gated to Alexa Fluor-555 (Invitrogen), bovine serum albumin conjugated to Alexa 
Fluor-555 (Invitrogen), lysine-fixable 70 kDa dextran conjugated to tetramethyl- 
rhodamine (Invitrogen), and goat anti-human IgG conjugated to DyLight 549 
(Jackson Immunoresearch Laboratories). More detailed descriptions of the tracer 
experiments are given in the Supplementary Methods. Images of dissected brains 
were captured using a stereomicroscope (SteREO Lumar.V12, equipped with 
HBO 100 lamp and a Filter Set Lumar 43 HE; Carl Zeiss AG) equipped with an 


AxioCam HRc (Carl Zeiss AG) camera. Evans blue in the brain was quantified by 
spectrophotometry as described’. For quantification of cadaverine-Alexa Fluor- 
555 and DyLight-549 conjugated goat anti-human IgG in the brain, anaesthetized 
animals were perfused for 5 min with Hanks’ balanced salt solution (HBSS), brains 
and kidneys removed and homogenized in 1% Triton X-100 in PBS, pH 7.2. Brain 
and kidney lysates were centrifuged at 16,000 r.p.m. for 20 min and the relative 
fluorescence of the supernatant was measured on a fluorometer POLARstar 
Omega (BMG Labtech) (ex/em 544/590 nm). For in situ detection of fluorophore- 
conjugated tracers, anaesthetized animals were perfused for 1-2 min with HBSS, 
followed by 5 min perfusion with 4% PFA in PBS, pH 7.2. Brains were removed and 
the tissue was post-fixed in 4% PFA in PBS, pH7.2 at 4°C for 5-6h. 50-pm-thick 
coronal brain sections were immunostained with anti-Glut1 antibody. Samples were 
analysed by confocal microscopy (LSM 510 META, Carl Zeiss AG). When indicated, 
animals were treated with three or four doses of imatinib (150 mgkg™ ') twice per 
day before tracer injections. 

Transmission electron microscopy. Two-month-old mice were injected intra- 
venously with horseradish peroxidase Type II (HRP) (100 mg ml’ in PBS, 10 mg 
per 20 g) (Sigma Aldrich). After 2 h, animals were anaesthetized and perfused with 
2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. HRP-diaminobenzidine 
cytochemistry was performed on brain vibratome slices according to ref. 31 with 
minor modifications. After osmication and en bloc uranyl acetate treatment, tissue 
blocks were dehydrated and embedded in epoxy resin. Sections were cut with a 
diamond knife on a Leica EM UC7 ultramicrotome (Leica Microsystems) at 60 nm 
thickness setting and were examined without additional contrasting in a LEO 
912AB energy-filtered transmission electron microscope (Carl Zeiss SMT AG). 
Digital images were captured with a MegaView III camera (Olympus SiS). 
Brain water content determination. Animals were anaesthetized and perfused 
with HBSS for 5 min via the left ventricle of the heart. Brains were removed and 
weighed for wet weight. Tissue was dried at 62 °C for 6 days and weighed again for 
dry weight. 

Purification of microvasculature and microarray analysis. Purification of 
microvasculature and RNA isolation was performed as described”*. Four RNA 
samples of each genotype were individually hybridized to Affymetrix GeneChip 
Mouse Genome 430 2.0 microarrays. Publicly available Affymetrix raw data files 
concerning wild-type adult whole brain”, isolated wild-type adult glomeruli”, and 
wild-type embryonic and adult brain microvascular fragments’” were downloaded 
and treated in the same manner as data generated in this study. Array data was 
processed using the Affy and gcrma packages in the Bioconductor project (http:// 
www.bioconductor.org). A Student’s t-test was used to evaluate differential 
expression. The false discovery rate method was used to perform multiple test 
correction for P values**. The log, change was calculated as the log, of the average 
expression difference between sample groups. A detailed description of the 
samples used in different comparisons is given in Supplementary Table 3. 
Statistical analysis. Statistical significance was determined by using unpaired 
two-tailed or one-tailed Student’s f-test (GraphPad Prism5). Differences were 
considered significant with a P value less than 0.05. Quantified data are presented 
as mean + s.e.m. 
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Pericytes are required for blood-brain barrier 
integrity during embryogenesis 


Richard Daneman!, Lu Zhou”, Amanuel A. Kebede! & Ben A. Barres” 


Vascular endothelial cells in the central nervous system (CNS) forma 
barrier that restricts the movement of molecules and ions between 
the blood and the brain. This blood-brain barrier (BBB) is crucial to 
ensure proper neuronal function and protect the CNS from injury 
and disease’. Transplantation studies have demonstrated that the 
BBB is not intrinsic to the endothelial cells, but is induced by inter- 
actions with the neural cells’. Owing to the close spatial relationship 
between astrocytes and endothelial cells, it has been hypothesized 
that astrocytes induce this critical barrier postnatally’, but the timing 
of BBB formation has been controversial*”. Here we demonstrate 
that the barrier is formed during embryogenesis as endothelial cells 
invade the CNS and pericytes are recruited to the nascent vessels, 
over a week before astrocyte generation. Analysing mice with null 
and hypomorphic alleles of Pdgfrb, which have defects in pericyte 
generation, we demonstrate that pericytes are necessary for the 
formation of the BBB, and that absolute pericyte coverage deter- 
mines relative vascular permeability. We demonstrate that pericytes 
regulate functional aspects of the BBB, including the formation of 
tight junctions and vesicle trafficking in CNS endothelial cells. 
Pericytes do not induce BBB-specific gene expression in CNS 
endothelial cells, but inhibit the expression of molecules that increase 
vascular permeability and CNS immune cell infiltration. These data 
indicate that pericyte-endothelial cell interactions are critical to 
regulate the BBB during development, and disruption of these inter- 
actions may lead to BBB dysfunction and neuroinflammation 
during CNS injury and disease. 

To understand the mechanisms of BBB formation, we investigated 
the sequence of cell generation and BBB formation in the developing 
CNS (Fig. 1 and Supplementary Figs 1-7). In the rat cerebral cortex, 
angiogenesis begins at embryonic day 12 (E12), as endothelial cells 
invade the neural tissue from the surrounding vascular plexus (Fig. la 
and Supplementary Fig. 1). Pericytes—platelet-derived growth factor 
receptor-B (PDGEFR-B)*NG2* vascular support cells—are found 
associated with endothelial tubes as nascent vessels are generated 
(Fig. 1b and Supplementary Fig. 1). Neural cells are produced from 
progenitors in a defined sequence, with neurons generated before glia. 
Oligodendroglia progenitor cells (OPCs), PDGFR-«%* NG2° glial cells, 
are first observed at E19 and migrate throughout the cortex by birth 
(Fig. 1c). Astrocytes are first generated directly after birth and extend 
processes which contact vessels during the first postnatal week (Fig. 1d 
and Supplementary Fig. 2). If astrocytes induce the BBB, barrier 
properties should only be acquired after birth. 

We next examined endothelial cell protein expression and barrier 
function during rat cortical development. BBB-forming endothelial 
cells are characterized by tight junctions, low rates of transcytosis, 
and the expression of specialized influx and efflux transporters. 
Tight junction molecules occludin, claudin 5 and ZO-1 were each 
expressed at endothelial junctions as early as E12 (Fig. le, Supplemen- 
tary Fig. 4 and not shown). The same was observed with the BBB- 
specific influx transporter Glutl (Fig. 1f and Supplementary Fig. 3). 
Notably, the BBB-specific efflux transporter Pgp is expressed at low 


levels during embryogenesis, but increases during postnatal develop- 
ment (Fig. 1g), indicating a distinct regulation mechanism for efflux 
transport. Similar timing of cell generation and BBB gene expression 
was observed in the developing mouse, with vascularization of the 
cortex starting at E11 (Supplementary Fig. 6). The expression of genes 
that increase vascular permeability, including transcytosis (Plvap) and 
leukocyte infiltration (Icam1), decreased after initial high expression 
(Supplementary Fig. 7). The developmental timing of BBB function 
was examined by trans-cardiac perfusion with tracers. In adults, the 
small molecule tracer biotin stays within the lumen of CNS vessels and 
doesn’t diffuse into the CNS parenchyma, whereas in non-neural tissue 
the tracer diffuses throughout the extracellular space (Fig. 1h-j). We 
used this method to examine BBB function in postnatal animals and 
dissected embryos. At each age tested (E15, E21, P1, P15 and P20) CNS 
vessels excluded the tracer from the CNS parenchyma (Fig. lh-j 
and not shown). In embryonic time points, the tracer was excluded 
from most of the CNS; however, distinct regions of the CNS displayed 
leakiness, including regions close to the pia (Supplementary Fig. 5), 
indicating that serum contents may enter the CNS through pial cover- 
ings or choroid plexus. Thus, a functional BBB is present during 
embryogenesis before astrocyte generation. 

Because pericyte recruitment to CNS vessels temporally correlates 
with the onset of barrier properties, we examined the role of these mural 
cells in regulating BBB function, structure and gene expression. 
Although pericytes are associated with the vasculature throughout 
the body, and thus are unlikely candidates to regulate brain-specific 
vascular properties, recent studies have demonstrated that CNS peri- 
cytes have a different developmental origin from other pericytes’®, and 
several studies have suggested that pericytes are capable of regulating 
BBB properties in vitro'''’. To determine if pericytes are necessary for 
BBB formation we compared the vascular permeability of Pdgfrb~'~ 
mice with littermate controls. PDGFBB signalling through PDGFR-P is 
essential for pericyte generation, and mice deficient for either the ligand 
or receptor completely lack CNS pericytes'*"*, exhibit endothelial cell 
hyperplasia, increased vessel diameter and morphological signs of 
increased vascular permeability’®. These mice die at birth; therefore, 
we examined BBB function in dissected embryos. Indeed, Pdgfrb‘~ 
mice show an increased vascular permeability to biotin (0.5 kDa), as 
observed by an increase in tracer staining throughout the CNS par- 
enchyma (Fig. 2a, b). Decreasing permeability was observed with 
increasing size of tracer (Fig. 2c). 

CNS vessels have the highest pericyte coverage of any vessels, and 
the extent of pericyte coverage in vessels throughout the body inversely 
correlates with the relative permeability of these vessels’. To deter- 
mine whether pericyte number, and not just presence or absence, is an 
important regulator of BBB permeability, we measured CNS vascular 
permeability in mice with different combinations of null, hypo- 
morphic and wild-type Pdgfrb alleles. One study’* generated an allelic 
series of Pdgfrb hypomorphs, showing that varying the strength of 
PDGER-B signalling leads to different pericyte:endothelial cell ratios. 
We compared the vascular permeability of Pdgfrb'’’” and Pdgfrb*”*”, 
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Figure 1 | Time course of cell generation and BBB development in the rat 
cerebral cortex. a-g, Sections of rat cerebral cortex at indicated ages were 
stained for endothelial cells with Bandeiraea simplicifolia lectin I (BSL) (green, 
a-f) and nuclei with DAPI (blue, a, f (left), g), pericytes with anti-PDGFR-B 
(red, b; white arrows point to pericytes), oligodendrocyte progenitors with anti- 
PDGFR-« (red, c), astrocytes with anti-aquaporin 4 (red, d), anti-occludin (red, 


which respectively have approximately 40% and 50% of the pericyte 
coverage of littermate controls’ (Fig. 2d-g and Supplementary Fig. 8). 
Indeed, the permeability of the BBB in these neonatal mice, to both 
Evan’s blue and biotin, inversely correlated with the pericyte coverage 
(Fig. 2h-k), demonstrating that pericyte number determines relative 
permeability of CNS vessels during development. 

We next addressed the question of whether pericytes regulate 
endothelial transcytosis, tight-junction formation and/or transporter 
expression. Examination by electron microscopy revealed that CNS 
endothelial cells of Pdgfrb ° mice displayed an increase in membrane 
folding with membrane protrusions into the vessel lumen, as well as an 
increase in the number of cytoplasmic vesicles, indicating an increased 
rate of transcytosis (Fig. 3A—C). Indeed, examination of biotin leakage 
by electron microscopy, using streptavidin-horseradish peroxidise 
(HRP), revealed that the tracer was endocytosed into endothelial cell 
vesicles (Fig. 3A, d, e, and B, d, e), demonstrating transcellular passage 
is an important component of BBB leakiness in Pdgfrb-'" mice. 
Pdgfrb~'~ mice and littermate controls expressed tight-junction proteins 


LETTER 


BSL/occludin 


DAPI/BSL Glut1 


DAPI/Pgp 


e; yellow arrows indicate tight-junction strands), anti-Glutl (red, f (right)), and 
anti-Pgp (red, g). Scale bars represent 100 1m (a-d, f, g) and 20 jm 

(e). h-j, Rats aged E15 (left), E21 (middle) and adults (right) were given a trans- 
cardiac perfusion of biotin, and liver (h), muscle (i) and brain (j) tissue sections 
were stained with streptavidin (green) and DAPI (blue). Scale bar represents 
100 jm. 


occludin and claudin 5 at equal levels and these molecules were localized 
to cellular junctions (Figs 3E, F and 4a, b). Structural abnormalities in the 
tight junctions of the Pdgfrb‘~ mice were observed by electron micro- 
scopy (Fig. 3A, c and B, c). In control animals, the length of the junction 
was parallel to the plane of the vessel lumen; however, in Pdgfrb ‘~ mice, 
the junctional alignment was random, being parallel, perpendicular, or at 
various angles to the lumen, with junctional membranes often dipping 
into the lumen or CNS parenchyma (Fig. 3A, c, B, c, and D). The 
polarized expression of Glutl at the abluminal membrane was not 
affected (Supplementary Fig. 9). 

To determine whether junctional abnormalities are due to a lack of 
pericytes, or other defects in Pdgfrb-'~ mice, we analysed the function, 
expression and localization of tight-junction proteins in purified brain 
endothelial cells cultured alone or with a feeding layer of purified brain 
pericytes. Purified CNS endothelial cells expressed the tight-junction 
proteins occludin and claudin 5, which were localized to cellular 
borders (Fig. 3G, H). Notably, endothelial cells cultured alone often 
contained large gaps between cell connections, whereas the endothelial 
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Figure 2 | Pericytes are required for BBB formation. a, b, E18 Pdgfrb ‘~ 
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(e) and littermate controls (d) were stained with BSL (green, d-f (bottom)) and 
for pericytes with anti-desmin (purple, d-f). Scale bar represents 100 um. 

g, Pericyte coverage of CNS vessels in Pdgfrb*”’~, Pdgfrb*’*’ and littermate 
control mice was quantified by analysing per cent length of BSL” vessels 
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cardiac perfusion of biotin and leakage was quantified in tissue sections with 
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Figure 4 | Vascular expression of LAMs in Pdgfrb~‘~ mice. a, b, Western 
blots of brain lysates from E18 Pdgfrb‘~ (KO) and littermate controls, probing 
occludin, claudin 5, Icam1, Alcam, Lgals3, §-actin and PDGFR-B. 

a, Representative blots; b, quantification; *P < 0.05 by Student’s t-test. 

c-e, Cerebral cortex of E18 Pdgfrb'~ mice (d) and littermate controls (c) were 
stained with anti-Icam1 (purple) and BSL (green, bottom; white arrows indicate 
Icam1” vessels), and per cent Icam1* vascular length was quantified (e). Scale 
bar represents 250 pum. **P < 0.005 by Student t-test. fh, Purified murine brain 
endothelial cells cultured alone (f) or with a feeding layer of purified brain 
pericytes (g) and stained for DAPI (blue) and anti-Icam1 (green), and 
proportion of Icam1* cells was quantified (h). Scale bar represents 200 jum. 
**P <(),005 by Student ¢-test. i-k, Five-week-old Pdgfrb’”” mice (j) and 
littermate controls (i) were stained with anti-Grl (red) and BSL (green, bottom), 
and number of Grl* cells per sagittal section was counted (k). Scale bar 
represents 250 jum. *P < 0.05 by Students t-test. All error bars represent s.e.m. 


junctions sealed and the intercellular space diminished when they were 
cultured with pericytes (Fig. 3G-I). This was accompanied by a four- 
fold increase in trans-endothelial cell electrical resistance (TEER), 
demonstrating that endothelial tight junctions are functionally tighter 
in the presence of pericytes (Fig. 3J). 

To determine whether pericytes regulate endothelial gene expres- 
sion, we used microarray analysis to compare the gene expression of 
CD31* vascular cells purified from Pdgfrb'~ mice and littermate con- 
trols. In Pdgfrb”'~ mice, no downregulation of BBB genes was observed, 
including tight-junction proteins and transporters (Supplementary 
Table 1 and Fig. 4a, b). Thus, pericytes are not necessary for induction 
of BBB-specific genes. In the absence of pericytes, however, expression 
of genes known to increase vascular permeability, including Angp?2, 
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Plvap and leukocyte adhesion molecules (LAMs), were upregulated. 
In Pdgfrb-'~ mice we observed a loss of vascular Angpt1,a Tie2 receptor 
ligand that decreases permeability, and a corresponding increase in 
Angpt2, a Tie2 ligand that increases vascular permeability'*”” (Sup- 
plementary Table 1), and co-culture of a feeder layer of pericytes with 
CNS endothelial cells was sufficient to decrease endothelial Angpt2 
expression (Supplementary Fig. 12). Pdgfrb~'~ mice also exhibited an 
increase in endothelial Plvap expression (Supplementary Table 1), 
which was verified by immunofluorescence (Supplementary Fig. 10). 
Plvap is involved in endothelial vesicle trafficking, and is highly 
expressed in permeable peripheral vessels and is upregulated in CNS 
endothelial cells during pathological breakdown of the BBB*®”’. 
Therefore, pericytes may limit transcytosis by suppressing Plvap. 

We further examined the gene expression of acutely purified pericytes 
to identify pericyte-secreted signals (Supplementary Table 2). We iden- 
tified that pericytes express molecules that regulate BBB properties 
including Angptl and Ace2 (refs 12, 22), as well as a number of other 
signalling molecules and matrix components. Furthermore, the extra- 
cellular matrix is altered in the Pdgfrb" ‘~ mouse, including a decrease in 
several collagen subunits and an upregulation of MMP9, a protease that 
increases the permeability of the BBB during disease (Supplementary 
Fig. 11)? 

The transcription of several LAMs, including Icam1, Alcam and 
Lgals3, were significantly upregulated in the vasculature of Pdgfrb-‘~ 
mice (Supplementary Table 1), and we confirmed a corresponding 
increase in protein expression (Fig. 4a, b). We found that Icam1 was 
robustly upregulated in specific segments of the vasculature in 
Pdgfrb"'~ mice (Fig. 4c-e), and further demonstrated that co-culture 
of pericytes with endothelial cells is sufficient to decrease the number of 
Icam1* endothelial cells (Fig. 4f-h). These data indicate that pericytes 
may provide signals that limit CNS immune surveillance, a critical fea- 
ture of the BBB. Indeed, we observed an increase in the number of Grl* 
leukocytes in the CNS parenchyma of pericyte-deficient mice (Fig. 4i-k). 

These findings demonstrate that pericytes are required for BBB 
formation during development, and absolute pericyte coverage con- 
trols relative BBB permeability. Although astrocytes are not required to 
initially induce the BBB, it remains likely that astrocytes act to regulate 
the maintenance of the BBB and its response to neural function and 
disease. In fact, reactive astrocytes are necessary for BBB repair after 
injury”. Interestingly, even in the absence of pericytes, embryonic CNS 
endothelial cells express many BBB-specific molecules, indicating that 
neural progenitors may induce BBB gene expression. Indeed, neural- 
progenitor-derived Wnts are critical for CNS angiogenesis and the 
induction of BBB-specific transporter expression****. We propose a 
new model for BBB formation: endothelial cells are induced to express 
BBB-specific genes by interactions with neural progenitors, and then 
the functional integrity of the BBB is regulated by pericytes during 
development and astrocytes in adulthood (Supplementary Fig. 13). 

These findings have important implications for understanding BBB 
breakdown and repair, which is a common component of many neuro- 
degenerative disorders, stroke, brain tumours, CNS trauma, multiple 
sclerosis and diabetic retinopathy'. Notably, loss of pericytes occurs at 
early stages of diabetic retinopathy, and thus probably has a role in the 
vascular permeability defects observed during this disease”’. The find- 
ing that pericytes are necessary for limiting CNS immune surveillance 
has implications for controlling neuroinflammation. For instance, 
pericytes inhibit the expression of Alcam, which is upregulated in 
CNS vessels in multiple sclerosis (MS) patients and enhances leukocyte 
migration across endothelial cells**. Identification of molecular 
mechanisms by which pericytes regulate BBB integrity may lead to 
new treatments for these diseases. 


METHODS SUMMARY 


Immunohistochemistry. Rodent tissues were fixed with 4% paraformaldehyde, 
10% trichloroacetic acid or 95% ethanol followed by acetone. Tissue sections were 
blocked with 50% goat serum, permeabilized with 0.2% Triton X-100, and stained 
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with appropriate primary and secondary antibodies. Slides were mounted in vec- 
tashield with DAPI (Vector Labs) and visualized by fluorescence microscopy. 
BBB permeability assays. Anaesthetized rodents were given a trans-cardiac per- 
fusion, with a Dynamax peristaltic pump, of DPBS (Gibco) containing EZ-link 
sulfo NHS Biotin (Pierce) or biotinylated fixable dextrans (Invitrogen), followed 
by 4% paraformaldehyde. Tissue cryosections were stained with streptavidin 
Alexa-488 (Invitrogen) and analysed by fluorescence microscopy. 

Cell culture. CNS endothelial cells were purified by anti-CD31 immunopanning 
and CNS pericytes were purified by anti-PDGFR-f immunopanning. For immu- 
nofluorescence analysis, CNS endothelial cells were grown on coverslips alone, or 
with a feeder layer of CNS pericytes grown on cell culture inserts. For TEER 
measurements, CNS endothelial cells were grown on cell culture inserts alone, 
or with a pericyte feeder layer grown in the culture well bottom beneath, and 
resistance measurements were recorded with an EVOM voltmeter. 

Electron microscopy. E18 Pdgfrb-‘~ and littermate controls were fixed in 2% 
glutaraldehyde/4% paraformaldehyde, and processed for electron microscopy. To 
image tracer permeability, E18 Pdgfrb'~ and littermate controls were given a 
trans-cardiac perfusion of DPBS (Gibco) containing EZ-link sulfo NHS Biotin 
(Pierce) followed by 4% paraformaldehyde, and frozen tissue sections were fixed 
with 2% glutaraldehyde/4% paraformaldehyde then stained with a HRP-tagged 
streptavidin (Invitrogen) followed by DAB reaction. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Sprague-Dawley rats and C57BL/6 mice were obtained from Charles 
River. Mice harbouring Pdgfrb- and Pdgfrb"” alleles were obtained from Phillippe 
Soriano (Fred Hutchinson Cancer Research Center), and lines were maintained by 
breeding with C57BL/6 mice. 

Immunohistochemistry. For time course experiments, whole rat and mouse 
embryos before E15, and dissected brains of embryos between E15 and birth, were 
fixed overnight in 4% paraformaldehyde at 4°C. Postnatal rats and mice were 
anaesthetized with a ketamine (100 mg kg’ ')/xylazine (20 mg kg *) cocktail, and 
perfused with PBS followed by 4% paraformaldehyde with a dynamax peristaltic 
pump and then dissected brains were fixed overnight in 4% paraformaldehyde at 
4°C. Staining was performed as described previously”, with antibodies directed 
against PDGFR-f (R&D systems, eBiosciences) and Ng2 (Chemicon) for pericytes, 
PDGFR-« for OPCs (Abcam), Aqp4 for astrocytes (sigma), Glut] (Chemicon), Pgp 
(Sigma) and Icam1 (Abcam), and with appropriate Alexa-conjugated secondary 
antibodies and counter-stained with BSL-fluorescein (Vector Labs). For ZO-1 and 
Plvap immunofluoresence, embryos were fixed with 10% trichloroacetic acid for 1 h 
on ice, before cryopreservation and staining with anti-ZO-1 antibody (Invitrogen) 
or anti-Plvap antibody (AbD Serotec). Staining for occludin and claudin 5 was 
achieved by flash freezing dissected brains, or whole embryos for ages less than 
E15, in OCT. Tissue cryosections were obtained and fixed in cold 95% ethanol for 
30 min, followed by 1 min in room temperature acetone. Sections were then rehy- 
drated in PBS, blocked in 50% goat serum and stained with antibodies directed 
against occludin (Invitrogen), and claudin 5 (Invitrogen), followed by appropriate 
Alexa-fluorophore-conjugated secondary antibodies and counterstained with BSL- 
fluorescein (Vector Labs). Slides were mounted in vectashield with DAPI (Vector 
Labs) and visualized by fluorescence microscopy. 

For pericyte-deficient mice, Pdgfrb ‘~ and littermate control embryos were 
flash-frozen and stained using the ethanol/acetone fixation described above with 
antibodies directed against occludin (Invitrogen), claudin 5 (Invitrogen) and Plvap 
(AbD Serotec). For Icam1, Ng2 and Glut staining, brains of dissected Pdgfrb/~ 
and littermate control embryos were fixed overnight in 4% paraformaldehyde at 
4°C and stained as described previously, with antibodies directed against Icam1 
(Abcam), Ng2 (Chemicon) or Glut] (Chemicon). For Grl staining, 5-week-old 
Pdgfrb* 7/F7 and littermate controls were perfusion fixed, and dissected brains were 
further fixed overnight in 4% paraformaldehyde at 4°C and stained as described 
previously, with antibodies directed against Grl (gift from I. Weismann). For 
comparisons of Pdgfrb~'~ and littermate control brains, sections were analysed 
on a Nikon Eclipse E800 microscope and images were taken with a Diagnostics 
Instrument SPOT camera with set exposure to appropriately compare staining 
between genotypes. Percent length of vasculature with intense Icam1 staining was 
measured using ImageJ (n = 4 each for mutant and littermate controls for each 
stain). For pericyte staining comparing Pdgfrb*!*, Pdgfrb*’~ and Pdgfrb"'~ mice, 
tissue sections were stained with anti-Zicl (Novus) and anti-desmin antibody 
(Dako) after antigen retrieval by steaming in a 10 mM citrate buffer for 30 min, 
or anti-NG2 (Chemicon). For quantification of pericyte number in Pdgfrb*/* and 
Pdgfrb*'~ mice the number of Zic* nuclei was counted and divided by vascular 
length quantified in ImageJ (n=7 for each genotype). Pericyte coverage was 
quantified using ImageJ to measure the length of BSL” vessels associated with 
desmin™ pericyte processes (n= 5 for each genotype). Total Gr1* cells outside 
BSL* vessels per medial sagittal brain section were counted (n =4 each for 
Pdgfrb‘’""’ and littermate controls). For desmin staining, neonatal Pdgfrb‘”, 
Pdgfrb‘’""’ and littermate controls were perfusion-fixed and stained with anti- 
desmin antibody (Dako) after antigen retrieval by steaming in a 10 mM citrate 
buffer for 30 min. Pericyte coverage was quantified using ImageJ to measure the 
length of BSL* vessels associated with desmin™ pericyte processes (n = 3 for each 
genotype). All quantification was performed blind to genotype. 

BBB permeability assays. Animals were anaesthetized with a ketamine (100 mg 
kg’ ')/xylazine (20 mg kg *) cocktail, and then the thoracic cavity was opened to 
reveal the heart. The right ventricle was severed and then a DPBS (Gibco) solution 
containing 1 mgml' EZ-link sulfo NHS-biotin (Pierce) was perfused into the left 
ventricle using a Dynamax peristaltic pump for 3 min, followed by 5 min of per- 
fusion with 4% paraformaldehyde. The flow rate of the pump was adjusted to match 
the cardiac output of the rats or mice. Tissues, including the brain, liver and muscle, 
were dissected and further submersion fixed in 4% paraformaldehyde overnight at 
4°C, before being submerged in 30% sucrose. Ten micrometre cryosections were 
generated after the tissue was frozen in a 2:1 30% sucrose: OCT mixture. For E15 
time points, the entire embryo was submersion-fixed and processed. Tissue 
sections were treated with a 50% goat serum blocking solution, before staining 
with streptavidin-Alexa 488 (Invitrogen). Staining of streptavidin was analysed 
with a Nikon Eclipse E800 microscope and images were taken with a Diagnostics 
Instrument SPOT camera and analysed by SPOT software. For comparisons of 
Pdgfrb'~ and littermate control brains, pregnant mice were anaesthetized with 
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ketamine/xylazine, and embryos were extracted and chosen blind to genotype for 
perfusions. Six embryos were chosen from each litter, one as a control perfused 
without tracer. The perfusion setup was standardized to minimize fluctuations 
for pH (7.09 + 0.005 s.d.) and pO, (136.1 mm Hg + 2.0s.d.) and the perfusion 
pressure was maintained digitally with the dynamax pump. The heart beat was 
monitored and all embryos maintained heart beat throughout tracer perfusions. 
Perfusions were performed with EZ-link sulfo NHS-biotin (0.5 mg ml |, Pierce), 
3 kDa biotinylated fixable dextran (0.15 mg ml’, Invitrogen) or 70 kDa biotiny- 
lated fixable dextran (3.5 mg ml’ * Invitrogen), and micrographs were taken with 
set exposure to appropriately compare the amount of biotin in the brain tissue. The 
concentrations of the dextrans were matched for molar concentrations (n = 6 for 
each sample group for each tracer). Fluorescence in tissue sections was compared 
by Image] software, using tissue sections of embryos perfused with DPBS without 
tracer as a background control. Pdgfrb*/* and Pdgfrb*'~ mice were combined as 
littermate controls, as we did not observe any difference in leakage between the two 
genotypes. For Evan’s blue extravasation assays, P5 Pdgfrb'”’~, Pdgfrb'”"” and 
littermate controls were given an intraperitoneal injection of 10 11 2% Evan’s blue. 
After 1 day, animals were perfused as described above with PBS followed by para- 
formaldehyde. Dissected brains were photographed. For quantification of biotin 
leakage in neonatal Pdgfrb‘'* and Pdgfrb*’~ mice, and in neonatal Pdgfrb’”, 
Pdgfrb* 7/F7 and littermate controls, trans-cardiac perfusion of biotin tracer was 
performed, followed by staining of tissue sections with streptavidin, and quan- 
tification of leakage with ImageJ. In each case, perfusions and analysis was done 
blind to genotype. 

Electron microscopy. Cerebral cortex from E18 Pdgfrb ~ and littermate controls 
was fixed in 2% glutaraldehyde/4% paraformaldehyde in sodium cacodylate buffer 
overnight at 4 °C and processed for electron microscopy as described previously”! 
(n = 3 for both mutant and littermate controls). To visualize tracer permeability by 
electron microscopy, E18 Pdgfrb~'~ and littermate controls were perfused with 
biotin followed by paraformaldehyde as described above. Frozen tissue sections 
were fixed with 2% glutaraldehyde/4% paraformaldehyde in sodium cacodylate 
buffer overnight and stained with a HRP-tagged streptavidin (Invitrogen) followed 
by DAB reaction before being processed for electron microscopy. 

Endothelial cell culture. Endothelial cells from adult C57BL/6 mice brains were 
purified and cultured as previously described” and grown with puromycin for the 
first 3 days. For mouse and rat brain pericytes, brain tissue suspensions were 
prepared as described previously”’, and cell suspensions were incubated on two 
dishes coated with an anti-CD45 antibody to deplete microglia cells, followed by a 
dish coated with anti- PDGFR-f to select pericytes. The pericytes were recovered 
by trypsin treatment and plated on PDL-coated cell culture filter inserts in a 
DMEM-based medium (Invitrogen) containing SATO, insulin, pyruvate, penicil- 
lin, streptomycin, glutamine and 10% fetal calf serum (Invitrogen). After 2.5 weeks, 
pericyte growth media was exchanged for endothelial growth media, and pericyte 
inserts were added to endothelial cells for 3 days. Endothelial cells were fixed with 
4% paraformaldehyde for 10 min, then block/permeabilized for 30 min in 50% 
goat serum and 0.2% Triton X-100, and stained with primary antibodies directed 
against occludin (Invitrogen), claudin 5 (Invitrogen), Icam1 (Abcam) or Angpt2 
(Abcam) and appropriate Alexa-fluorophore-conjugated secondary antibodies, 
mounted in vectashield with DAPI and images were taken with a Diagnostics 
Instrument SPOT camera analysed using a Nikon Eclipse E800 microscope. Per 
cent vascular length with closed tight junctions was analysed using ImageJ soft- 
ware. Specifically, total length of cell junctions between two cells was measured, 
and then the length of these junctions where a single band of occludin or claudin 5 
(sealed-staining between arrows in Fig. 3H, right panel) or two bands with diffuse 
staining between (unsealed-staining between arrows in Fig. 3G, right panel) was 
measured (n= 3 paired cultures of endothelial cells alone and endothelial cells 
with pericyte feeder layer for each marker). For TEER measurements, endothelial 
cells were isolated as described and grown on the filter membrane of Costar HTS 
transwell plates, and cultured in puromycin for 3 days, before being transferred toa 
new dish with media containing hydrocortisone, without puromycin. In the new 
dish, half the filter membranes were placed in wells with pericytes cultured on the 
bottom well. Resistance measurements were taken between 10-19 days after co- 
culture with an EVOM voltmeter (World Precision Instruments) and subtracted 
from resistance of membrane without cellular culture. Unit resistance was calcu- 
lated by multiplying the resistance by the area of the filter membrane, and averaged 
for each sample (n = 6 paired cultures of endothelial cells alone and endothelial 
cells with pericyte feeder layer). 

GeneChip. Vascular cells from E18 Pdgfrb ‘~ and littermate controls were puri- 
fied based on methods described previously”’. Acutely purified pericytes were 
purified from mouse brain by anti-PDGFR-B immunopanning as described. 
Purification of RNA from acutely isolated cells, generation of biotinylated 
cRNA, subsequent hybridization to Affymetrix Mouse Genome 430 2.0 Arrays 
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and raw image analysis with Affymetrix GCOS 1.3 software was performed as 
previously described”. 

Western blots. Cerebral cortex from E18 Pdgfrb ‘~ and littermate controls were 
homogenized and re-suspended and lysed in RIPA buffer (50mM Tris pH7.4, 
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS), and protein concentration 
was quantified using BCA protein assay (Pierce). Samples were analysed by SDS- 
PAGE as previously described*’. Briefly, samples were resolved on SDS-PAGE and 
transferred to PVDF membranes. Membranes were blocked with 5% milk solution 
and then incubated with antibodies directed against occludin (Invitrogen), claudin 5 
(Invitrogen), Icam1 (Abcam), Alcam (R & D Systems), Lgals3 (R & D Systems), Col I 
(Abcam), Col III (Abcam), vitronectin (Abcam), MMP9 (Abcam), PDGFR-B 
(eBiosciences) or f-actin (Sigma) followed by incubation with an appropriate 


secondary conjugated to HRP (Jackson 1:10,000) and visualized using a chemi- 
luminescent ECL substrate for HRP (GE), and either exposed on film and quan- 
tified with ImageJ or imaged with a Fuji-Film LAS 4000 and analysed with Multi 
Gauge V3.0 software (n = 2-5 for mutant and n = 4-8 for littermate controls). 
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Non-small cell lung carcinoma (NSCLC) is the leading cause of can- 
cer-related death worldwide, with an overall 5-year survival rate of 
only 10-15%". Deregulation of the Ras pathway is a frequent hall- 
mark of NSCLC, often through mutations that directly activate Kras*. 
p53 is also frequently inactivated in NSCLC and, because oncogenic 
Ras can be a potent trigger of p53 (ref. 3), it seems likely that onco- 
genic Ras signalling has a major and persistent role in driving the 
selection against p53. Hence, pharmacological restoration of p53 is 
an appealing therapeutic strategy for treating this disease*. Here we 
model the probable therapeutic impact of p53 restoration in a spon- 
taneously evolving mouse model of NSCLC initiated by sporadic 
oncogenic activation of endogenous Kras’. Surprisingly, p53 restora- 
tion failed to induce significant regression of established tumours, 
although it did result in a significant decrease in the relative propor- 
tion of high-grade tumours. This is due to selective activation of p53 
only in the more aggressive tumour cells within each tumour. Such 
selective activation of p53 correlates with marked upregulation in Ras 
signal intensity and induction of the oncogenic signalling sensor 
p19“** (ref. 6). Our data indicate that p53-mediated tumour sup- 
pression is triggered only when oncogenic Ras signal flux exceeds a 
critical threshold. Importantly, the failure of low-level oncogenic 
Kras to engage p53 reveals inherent limits in the capacity of p53 to 
restrain early tumour evolution and in the efficacy of therapeutic p53 
restoration to eradicate cancers. 

Inactivation of the p53 (also known as Trp53) tumour suppressor 
pathway is a common feature of human cancers, fostering the attractive 
notion of restoring p53 function in established tumours as an effective 
and tumour-specific therapeutic strategy’. Indeed, p53 restoration was 
recently shown to trigger dramatic tumour regression in vivo’. 
Although encouraging, these studies used tumour models (either trans- 
gene” or radiation-induced’) driven by preternaturally high levels of 
oncogenes. Because high-level oncogene activity potently engages p53 
via the p19“"" tumour suppressor®”"°, p53 restoration has a marked 
impact in these models. Unlike high oncogenic activity, however, low- 
level expression of dominant oncogenes seems insufficient to engage 
intrinsic tumour suppression, even though it still suffices to drive 
tumorigenesis'''*. This raises the spectre that many epithelial malig- 
nancies, initiated as they are by low-level oncogenic signals such as 
those arising from mutational activation of ras genes in situ, may be 
insensitive to p53 restoration—at least during certain phases of their 
evolution. To investigate this possibility we assessed the ability of p53 
restoration to trigger tumour regression in the well-characterized Lox- 
Stop-Lox-Kras?"” (KR) murine tumour model of NSCLC? wherein 
tumorigenesis is driven by sporadic, low-level activation of mutant 
Kras. This model closely recapitulates its human disease counterpart’’. 

After inhalation of adenovirus-Cre, KR mice develop multiple, inde- 
pendently evolving lung tumours, permitting contemporaneous ana- 
lysis of different disease stages within each animal. KR mice were 


crossed into the p53“”“! switchable mouse model in which both alleles 


of the endogenous p53 gene are replaced by the conditional variant 
p53ER™™ (ref. 14). p53<”" mice can be reversibly toggled in vivo 
between p53 wild-type and p53 null states by administration or 
withdrawal of tamoxifen (Tam). Importantly, once functionally 
restored in Tam-treated p53" mice, p53-mediated tumour suppres- 
sion is triggered only if p53-activating signals are present’. 

Kras°’*” was sporadically activated in KR;p53“”* and KR;p53"“" 
lungs and tumours were allowed to develop for 16 weeks. In both geno- 
types, Kras°’?” activation induced a spectrum of lung tumour grades 
including hyperplasias, adenomas and adenocarcinomas. Like KR;p53- 
deficient animals'* (Supplementary Fig. 1), KR;p53”*' mice show 
accelerated tumour progression and increased incidence of high-grade 
tumours relative to their KR;p536” - counterparts. These data affirm 
that p53 restrains Kras-driven NSCLC yet indicate that, even when 
combined, Kras@!?” activation and p53 inactivation are insufficient 
to generate malignant tumours without additional, aleatory mutations. 

To ascertain its therapeutic impact, p53 function was restored for 
1 week in KR;p53“' lung tumours (Fig. 1a). Surprisingly, given the 
marked tumour regression induced by p53 restoration in other mod- 
els’°, p53 restoration had no macroscopically evident impact on these 
tumours (Fig. 1b). Close inspection, however, indicated that p53 res- 
toration did elicit a modest decrease in proliferating tumour cells 
(Fig. 1c; 14% Ki67 positive cells per Tam-treated tumours versus 
21% in controls ) and an increase in apoptosis (Supplementary Fig. 
2 and Fig. 1d; 45% of p53-restored tumours contain apoptotic cells 
versus 13.5% of control tumours). Nevertheless, the distribution of 
apoptotic cells in tumours following p53 restoration was irregular 
and clustered (Fig. le). This high variability in the response to sus- 
tained p53 restoration was confirmed by micro-computed tomo- 
graphy imaging of individual tumours over 7 days. Whereas all 
control tumours grew during treatment, individual Tam-treated 
tumours showed all possible responses—some grew, others were 
unchanged, and many shrank (Fig. 2a and Supplementary Fig. 3). 
Such variability in tumour response to Tam might reflect heterogene- 
ities among tumour cells in the efficiency of p53 restoration, in the 
presence of p53-activating signals, or in the engagement of down- 
stream effectors following p53 restoration. To determine which, we 
first ascertained the efficiency with which Tam restored p53 function 
in tumours. Mice were treated for 7 days with Tam or vehicle and then 
exposed to a single dose of y-radiation 2h after the last treatment to 
activate p53 directly. p53 activity was then monitored in individual 
tumours by assaying induction of the prototypical p53-responsive 
gene, CDKNIA (p21“?’)'*'7, All tumours showed substantial 
CDKNIA induction (Fig. 2b), indicating that systemic Tam pervasively 
restores p53 function in all tumours. Hence, the heterogeneity of the 
therapeutic response to Tam is not a consequence of either variability 
in Tam-dependent p53 restoration or in the capacity of p53, once 
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Figure 1 | Heterogeneous therapeutic impact of p53 restoration in 
Kras@?-driven lung tumours. a, Schematic representation of the 
experimental treatment regime. Kras©!?” was activated in the lung epithelium 
of 8-week-old KR;p53*"" mice by adenoviral-Cre nasal inhalation and the 
resulting tumours treated with Tam or vehicle (Ctrl) 15 weeks after adenoviral 
infection. b, Haematoxylin and eosin staining of lung sections from KR;p536""! 
mice showing tumour load after 7-day control (Ctrl) or Tam treatments. 
c, Quantification of Ki67-positive cells per lung tumour from 7-day Tam/Ctrl- 
treated KR;p536” XI mice. Error bars indicate standard error of mean (Ctr!: 
s.e.m = 1.20 n= 55; Tam: s.e.m = 1.31 n = 37). *P = 0.0003, Student’s t-test. 
d, Per cent of apoptotic (transferase dUTP nick-end labelling (TUNEL)- 
positive) tumours (scored as a minimum of one positive cell per tumour 
section) in 7-day Ctrl- and Tam-treated KR;p53“”"" lungs (n = 37 Ctrl; n = 22 
Tam-treated tumours). *P = 0.0064, Pearson Chi square. e, KR;p536” ~ lung 
tumours treated for 6h with Tam, showing either no discernible TUNEL 


staining (negative) or significant levels of TUNEL staining (positive). Scale bar, 
100 jm. 


activated, to induce CDKNI1A. By contrast, when p53 function was 
restored in the absence of concomitant DNA damage, CDKN1A was 
induced in only a minority of tumours (Fig. 2b). Hence, the variability in 
response to p53 restoration is because only a minority of tumours har- 
bour endogenous p53-activating signals. Interestingly, whereas we see 
significant apoptosis in aggressive tumour cells following p53 restora- 
tion, other researchers do not, as described in the accompanying paper’, 
even though their mouse lung tumour model driven by spontaneous, 
sporadic Kras activation is ostensibly similar to ours. The reasons for this 
are unclear. However, the models differ in several ways. First, the mech- 
anism of Kras activation is different, and may target distinct cell lineages 
with innately different sensitivities to p53-induced apoptosis. Second, 
they use Cre-lox recombination to restore p53 function, which is 


568 | NATURE | VOL 468 | 25 NOVEMBER 2010 


a b 
3.0 

© 

5 < 

92.5 OCtrl 2G 

5 tam E ra 

2 x 

€ 2.0 = 5 

| € © 

£ fan) 2 

2 5 16) 5 

3 So 

Ss 1.0 2 

° 

uw 

0.5 
Days 7 Tam - + - + 
+ + 
c Low-to-high 
Low grade High grade grade transition 


Figure 2 | Heterogeneous p53 activation and p1948F upregulation in 
KR;p53"" tumours. a, Micro-computer-tomography-derived plots 
depicting changes in tumour volume during a 7-day treatment. Ten 
independent tumours are shown before (day 0) and after (day 7) daily Tam (red 
lines, filled symbols) or sham (black lines, open symbols) treatments. 

b, TaqMan analysis of CDKNIA expression in individual laser microdissected 


lung tumours from KR;p53“"" mice treated for 7 days with vehicle (black 


circles) or Tam (red squares). Tumours were collected 24h after the final Ctrl/ 
Tam treatment. Where indicated (IR +, left panel) mice were exposed to a 
single dose of y-radiation 2 h after the last Tam/Ctrl treatment. Each circle/ 
square represents a single tumour. c, IHC data comparing levels of p19“*” 
expression in low- and high-grade tumours as well as in transitional lesions 
exhibiting both low- and high-grade features. Scale bars, 50 tum. d, Co- 
immunostaining for p19**" and p21" in KR;p53*”" lung tumours from mice 
treated for 6 h with Tam. Representative fields shown, one at low (upper panel) 
and one at high magnification (lower panel). Scale bar, 50 jum. 


innately less synchronous than in our p53ER'*™ model and may make 
it difficult to see a transient wave of cell death. Cre-lox recombination 
may also introduce additional genotoxic stresses that further modify p53 
output. In the end, however, whether apoptosis or arrest is the principal 
output of p53 restoration in aggressive tumour cells may not be so 
important because both p53-induced apoptosis’ and arrest’ are effective 
at eliciting tumour clearance. 

Although p53 may be activated by a wide-range of stress signals, 
recent in vivo studies implicate induction of p19**" by oncogenic 
signalling as the critical p53-activating trigger in established 
tumours’”"®. Because oncogenic Ras can be a potent inducer of 
p19**" (ref. 19), we assayed for p19“*" expression in KR;p53” lung 
tumours. Immunohistochemical analysis (IHC) of KR;p53“"“' lungs 
revealed p19**" expression to be highly heterogeneous—generally 
limited to specific regions of certain tumours. Stratification of lung 
tumours into low- and high-grade, the latter comprising mostly ade- 
nocarcinomas (Supplementary Fig. 4)”°, revealed that p19“*" was con- 
fined mostly to high-grade tumours. High p19“*" cells were only rarely 
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observed in low-grade tumours and, when present, were restricted to 
small, sporadic foci. Close examination of transitional tumours com- 
prising clearly defined high- and low-grade regions showed p19“*" to 
be highly expressed only in high-grade/carcinoma areas (Fig. 2c). 
Because p1o**” i is a potent activator of p53, we ca ascertained 
whether the high-grade regions expressing elevated p19“*" coincide 
with those that spontaneously activate p53 following restoration. p53 
function was acutely restored in KR;p53“"”" mice and tumours ana- 
lysed for expression of p19“*" and p21°?’. Upon p53 restoration, 
tumour areas positive for p19“*" overlapped extensively with those 
positive for p21“?! (Fig. 2d): ~70% of p19**"-positive cells from Tam- 
treated mice stained positive for p21°’ compared with 2% of control. 
That p19“*" has a causal role in engaging p53-mediated tumour sup- 
pression in high-grade tumours was corroborated by the rapid ces- 
sation of cell proliferation specific to p19**"-positive regions following 
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Figure 3 | p53 restoration targets high-grade, but not low-grade, lung 
tumour cells. a, Co- immunostaining f for p19**" and the proliferation marker 
Ki67 in lung tumours from KR;p53""“" mice treated for 24h with vehicle (Ctrl, 
upper row) or Tam (four lower rows). Rows 2 and 3 illustrate the profound anti- 
proliferative impact (low Ki67) of p53 restoration in tumours with high p194"” 
levels. By contrast, the lower two rows show lack of ee inhibition following 
p53 restoration in tumours lacking detectable p1 Scale bar, 50 tm. 
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p53 restoration (Fig. 3a, Tam, two top rows). By contrast, proliferation 
remained high in p19“*"-negative tumours after p53-restoration 
(Fig. 3a, Tam, two bottom rows). Of note, no y-H2AX-staining 
DNA damage foci were detected in KR;p53”“' lung tumours, 
although they were readily evident in tumours from y-irradiated mice 
(Supplementary Fig. 5). This, together with the remarkable overlap 
between p53 activation and p19“*" expression, strongly implicates 
p19", and not DNA damage, as the endogenous signal responsible 
for triggering p53 in high-grade lung tumours. 

Although germ-line p53 deficiency significantly accelerates lung 
tumour progression and malignancy in KR mice’, our data indicate 
that p53 tumour suppression acts only at later stages of tumour evolu- 
tion. Since p53 is specifically activated in the most atypical tumour cells, 
its restoration in a mixed tumour population should lead to a shift 
downwards in assigned tumour grade. Indeed, 7 days of p53 restoration 
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b, Quantification of low- versus high-grade tumour frequencies in lungs of 
KR;p536” KI mice treated for 7 days with either vehicle (Ctrl) or Tam (n = 143 
Ctrl; n = 163 Tam). P = 0.0001, Pearson Chi square. c, Representative images 
show IHC for BrdU in high-grade tumours from 7-day treated Ctrl (upper 
panel) or Tam mice (lower panel). BrdU was administered 2 h before collection. 
Arrows highlight high-grade cells in each tumour (filled, BrdU-positive and 
open, BrdU-negative). Scale bars, 50 um. 
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in KR;p53“"“' mice harbouring a mixture of low- and high-grade 
tumours elicited a downward shift in the frequency of high-grade 
tumours (from 29% to 11%) and a pro rata increase in the proportion 
of low-grade tumours (from 71% to 89%) (Fig. 3b and Supplementary 
Fig. 6). The percentage of bromodeoxyuridine (BrdU)-positive high- 
grade cells was also markedly reduced following treatment (Fig. 3c). 
Our data show that the p19“""/p53 pathway is only engaged in 
high-grade KR;p53“""' cells, even though all tumour cells harbour 
oncogenic Kras*/?. Hence, oncogenic activity of Kras is not alone 
sufficient to induce p19**" and engage p53-mediated tumour suppres- 
sion. Interestingly, recent in vivo studies indicate that intrinsic tumour 
suppression is only engaged when oncogenic signals are preternatu- 
rally elevated'''*. Such observations echo in vitro data showing that 
expression of oncogenic Kras®?? from its endogenous promoter 
induces proliferation and immortalization, whereas Kras@’7? overex- 
pression engages p53-dependent replicative senescence*’”*. Because 
marked upregulation of the MAPK-pathway is a characteristic feature 
of advanced lung tumours in both mice’* and NSCLC in humans”, we 
asked whether induction of p19“*" in high-grade tumours is a con- 
sequence of elevated flux through the Ras signalling network. Indeed, 
immunostaining showed a remarkably tight spatial concordance of 
tumour cells exhibiting elevated ERK phosphorylation (p-ERK), a 
signature of downstream Ras signalling, and those with high p19“*" 
(Fig. 4a and Supplementary Fig. 7); the cell-by-cell overlap between 
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Figure 4 | High-grade lung tumours exhibit increased Kras signalling. 
a, IHC for p19**" and p-ERK in consecutive sections of three independent low- 
to-high-grade transition tumours from KR;p53*""' mice. Scale bar, 200 pm. 
b, Kras allele analysis was performed on genomic DNA from KR;p53*" lung 
tumours following laser microdissection. p-ERK IHC was used to define areas of 
low, mixed or high p-ERK (upper panel, scale bar, 50 j1m) and consecutive slides 
used for LCM of defined regions (see dotted areas). DNA was isolated from LCM 
material and the Kras genomic region amplified by PCR and digested with 
HindIII (lower panel). For each tumour, the undigested (—) and digested (+) 
PCR fragments were run alongside and the wild-type (Kras, higher band) and 
mutant alleles (G12D, lower band) are indicated. Control lung tissue from 

+ 


heterozygous (Kras : Ctrl) and wild-type (WT) mice was also analysed. 
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upregulation of p194"" and p-ERK was 91.2% (n = 1312; s.d. = 3.77). 
Hence, increased flux through oncogenic Kras“'7” is the probable 
mechanism for both malignant progression and concomitant activa- 
tion of (and eventual counter-selection against) the p19 */p53 
tumour suppressor pathway. 

Many potential mechanisms might underlie the dramatic upregula- 
tion of p-ERK we observe in high-grade lung tumours, including 
changes in Kras copy number (known to occur in human NSCLC), 
inactivation of Kras negative feedback mechanisms and incidental 
activation of cooperating oncogenes**’’. Initial analysis of whole 
low- versus high-grade tumours indicated downregulation of 
Sprouty 2 (also known as Spry2) or loss of the wild-type Kras allele 
as possible mechanisms for Kras signal upregulation in high p-ERK 
tumours (Supplementary Fig. 8). Because elevated Ras signalling is a 
property peculiar to high-grade tumour regions, we used p-ERK 
staining to demarcate high, low and mixed p-ERK areas of individual 
tumours (Fig. 4b, upper panel). These tumour regions were individu- 
ally laser microdissected and their genomic DNA extracted and 
assessed for the relative copy representation of wild-type versus 
mutant Kras alleles. We saw variable levels of wild-type Kras reten- 
tion in the low/mixed p-ERK tumour tissues, ranging from 100% in the 
low p-ERK tumour 14 to partial or total loss in the mixed grade 
tumours (for example, 21 and 18). Remarkably, the wild-type Kras 
allele was lost in all high p-ERK tumours (Fig. 4b, lower panel) and 
the mutant Kras allele often duplicated (Supplementary Fig. 9). 
Overall, across all tumour samples Kras allelic imbalance, a known 
mechanism by which Ras signal strength is elevated’’, correlated 
tightly with high p-ERK. 

Long-lived organisms must solve the problem of suppressing can- 
cer without compromising the facility of normal cells to proliferate. 
This requires an accurate means of distinguishing between normal 
and oncogenic signals. However, emerging evidence hints at a ‘flaw 
in how our tumour suppressor pathways have evolved—rather than 
responding to the aberrant signal persistence that is actually 
responsible for oncogenesis, mammalian intrinsic tumour sup- 
pressor pathways have instead evolved to respond to the unusual 
elevation in signal intensity that often (but not invariably) accom- 
panies oncogenic activation’. Paradoxically, therefore, low-level 
oncogenic activities may be more efficient at initiating tumorigenesis 
than high-level oncogenic signals because they ‘fall beneath the 
radar’ of tumour surveillance”: high-level oncogenic signals, which 
seem necessary to drive progression to malignancy, are tolerable 
only once p53 function has been quelled. 

At first glance, our data showing limited therapeutic impact of 
restoring p53 in established lung tumours seem at odds with previous 
studies’ °. However, such studies used advanced, relatively homogen- 
ous tumours driven by high levels of oncogenic signalling that had 
already engaged the ARF pathway—hence the dramatic impact of re- 
instating p53. By contrast, the spontaneously evolving lung tumours 
that afflict KR mice are initiated by sporadic oncogenic activation of 
endogenous Kras at a level insufficient to engage p53. Our data indicate 
that it is only relatively late in their evolution, at the point when 
sporadic elevation of Ras signalling precipitates tumours into aggress- 
ive, high-grade lesions, that the p53 pathway is triggered. Such con- 
siderations offer a compelling rationale for the long-baffling 
observation that selection for p53 pathway inactivation arises relatively 
late in the evolution of many solid human tumours. 

The inability of low-level oncogenic signalling to engage p53 also 
casts a cautionary shadow over the potential efficacy of p53 restoration 
in treating cancer. Established tumours are typically comprised of 
heterogeneous clades of neoplastic clones that encompass all phases 
of oncogenic evolution. Although p53 restoration might cull the most 
malignant cells, less aggressive tumour cells driven by low-level onco- 
genic signals would presumably survive to evolve another day. At best, 
then, p53 restoration as a single therapy would be a means of tempor- 
ary tumour containment rather than eradication. 
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Tumour induction and treatment. Animals were maintained under UCSF 
IACUC-approved protocols. KR® and p53“' mice! progeny were infected with 
adenovirus-CRE (5 X 10’ plaque-forming units (p.f.u.) per mouse) by nasal inhala- 
tion at 8 weeks of age’. p53 function was restored by intraperitoneal injection of 
tamoxifen (1 mg per mouse daily)”'®'*. Where appropriate, mice were irradiated 
(4Gy) 2h after Ctrl/Tam treatment using a Mark 1-68 87Cs source 
(0.637 Gy min” '). A minimum of five mice per cohort was used for each experiment. 
Immunohistochemistry and immunofluorescence. Primary antibodies used 
were p19” (gift from C. J. Sherr and M. F. Roussel’’); p21 (BD Pharmingen 
#556430); Ki67 (SP6 Neomarkers); P-ERK (Cell Signaling Technologies #4376) 
and phospho-histone H2AX (Upstate #05-636). They were detected with horse- 
radish peroxidase-/Alexa-conjugated secondary antibodies. An ApopTag kit 
(Millipore) was used for terminal deoxynucleotidyl transferase dUTP nick-end 
labelling (TUNEL). 

Laser capture microdissection, expression and copy number analysis. For 
CDKNIA TaqMan analysis’, laser capture microdissection of frozen samples*° 
was followed by RNA preparation (Arcturus PicoPure RNA Isolation kit, 
Arcturus Engineering) and cDNA production (iScript cDNA Synthesis kit, Bio- 
Rad). For copy number analysis, laser microdissection (Zeiss P.A.L.M.) collection of 
paraffin samples was followed by DNA isolation (QlAamp DNA Micro kit #56304) 
and TaqMan (probes: B-actin: Mm00607939_s1; Kras: Mm03053281_s1, Applied 
Biosystems) or PCR (primers: KrasHind3_F 5'-GCCATTAGCTGCTACAAA 
ACAGTA-3’ and KrasHind3_R 5'-CCTCTATCGTAGGGTCGTACTCAT-3’). 
Following PCR the Kras!”” and Kras™ alleles were distinguished by the presence 
ofa Kras*’?”-specific HindIII site in the amplified fragment (wild-type = 400 base 
pairs; Kras@?? = 300 + 100 bp). 

Micro-computed X-ray tomography. Pre- (day 0) and post-therapy (day 7) 
micro-computed tomography data was acquired using a FLEX X-O system 
(Gamma Medica-Ideas). Only clearly discrete tumours were measured. 
Immunoblot analysis. Whole-cell lysates from dissected tumour halves were 
immunoblotted with anti-Spry2 (Abcam ab50317), anti-Dusp6 (Santa Cruz sc- 
28902) or anti-B-actin (Sigma A5441) antibodies. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Mice, adenoviral infection and treatments. Animals were maintained in SPF 
conditions under UCSF [ACUC-approved protocols. KP° and p53“! mice" were 
crossed and KP and KP;p53<” KI animals were infected by nasal inhalation with 
adenovirus-CRE (5 X 10’ plaque-forming units per mouse) at 8 weeks of age, as 
described’. p53 function was restored by treating mice with tamoxifen (1 mg per 
mouse daily) delivered by intraperitoneal injection, as described”'*'*. Where 
appropriate, mice were irradiated (4Gy) 2h after Ctrl/Tam treatment using a 
Mark 1-68 '°’Cs source (0.637 Gy min’ '). A minimum of five mice per cohort 
were used for each experiment. 

Immunohistochemistry and immunofluorescence. IHC stainings were per- 
formed on z-fix fixed, 5-jum paraffin-embedded tissue sections. Sections were 
incubated overnight at 4°C with the following primary antibodies: p19**" (gift 
from C. J. Sherr and M. F. Roussel”’); p21 (BD Pharmigen #556430); Ki67 (SP6, 
Neomarkers); P-ERK (Cell Signaling Technologies #4376), phospho-histone 
H2AX (Upstate #05-636). Antibodies were detected using Vectastain ABC detec- 
tion (Vector Laboratories) or with specific biotinylated secondary antibodies (anti- 
rat biotinylated, Vector Laboratories BA-4001 and anti-rabbit biotinylated, Dako 
#E0432) followed with stable diaminobenzidine treatment (Invitrogen). 
Alternatively, Alexa-conjugated mouse, rat or rabbit IgG antibodies were used 
(Molecular Probes). TUNEL staining was performed using the ApopTag fluor- 
escein labelled kit (Millipore) according to the manufacturer’s directions. 

Laser capture microdissection, expression and copy number analysis. For RNA 
analysis 30-|1m sections from fresh frozen lung tissue were fixed, stained and laser 
microdissected, as described previously*®. Total RNA was isolated and DNase I 


treated using the Arcturus PicoPure RNA Isolation kit (Arcturus Engineering). 
cDNA was produced using iScript cDNA Synthesis kit (Bio-Rad). Real-time 
quantitative PCR (qPCR) was performed as described previously’. For copy num- 
ber analysis 5-j1m sections were briefly de-paraffinized and laser microdissected 
using a Zeiss P.A.L.M. LCM microscope. Genomic DNA was isolated using the 
QIAamp DNA Micro Kit #56304 and analysed by TaqMan or PCR. Copy number 
TaqMan analysis was carried out using the following probes from Applied 
Biosystems: B-actin: Mm00607939_s1; Kras: Mm03053281_s1. PCR was per- 
formed using the following Kras-specific primers: KrasHind3_F 5'-GCCA 
TTAGCTGCTACAAAACAGTA-3’ and KrasHind3_R 5’-CCTCTATCGTA 
GGGTCGTACTCAT-3’. Due to the presence of a unique HindIII restriction 
site in the Kras@!7? allele, the mutant and wild-type alleles can be distinguished 
based on their HindIII restriction-digestion profile (wild type = 400bp and 
Kras@!?? = 300 + 100 bp). 

Micro-computed X-ray tomography. Computed tomography (CT) was per- 
formed using a micro CT system (FLEX X-O, Gamma Medica-Ideas) with an 
X-ray source with 75 kVp (kilovolts peak) and 0.315 mA. CT data were acquired as 
512 projections over 120s of continuous X-ray exposure. Pre-therapy CT data 
were acquired as the baseline time point and post-therapy CT performed after 
7 days of sustained Tamoxifen administration. Only clearly discrete tumours were 
picked for volume measurements. Volumes of interest were drawn on axial slices, 
and the total tumour volumes were calculated planimetrically. 

Immunoblot analysis. Whole-cell lysates from dissected tumour halves were 
prepared and immunoblotted with anti-Spry 2 (Abcam ab50317), Dusp6 (Santa 
Cruz sc-28902) or B-actin (Sigma A5441) antibodies. 
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Tumorigenesis is a multistep process that results from the sequential 
accumulation of mutations in key oncogene and tumour suppressor 
pathways. Personalized cancer therapy that is based on targeting 
these underlying genetic abnormalities presupposes that sustained 
inactivation of tumour suppressors and activation of oncogenes is 
essential in advanced cancers. Mutations in the p53 tumour- 
suppressor pathway are common in human cancer and significant 
efforts towards pharmaceutical reactivation of defective p53 
pathways are underway’ *. Here we show that restoration of p53 
in established murine lung tumours leads to significant but incom- 
plete tumour cell loss specifically in malignant adenocarcinomas, 
but not in adenomas. We define amplification of MAPK signalling 
as a critical determinant of malignant progression and also a stimu- 
lator of Arf tumour-suppressor expression. The response to p53 
restoration in this context is critically dependent on the expression 
of Arf. We propose that p53 not only limits malignant progression 
by suppressing the acquisition of alterations that lead to tumour 
progression, but also, in the context of p53 restoration, responds to 
increased oncogenic signalling to mediate tumour regression. Our 
observations also underscore that the p53 pathway is not engaged by 
low levels of oncogene activity that are sufficient for early stages of 
lung tumour development. These data suggest that restoration of 
pathways important in tumour progression, as opposed to ini- 
tiation, may lead to incomplete tumour regression due to the 
stage-heterogeneity of tumour cell populations. 

Experimental restoration of p53 (also known as Trp53) tumour- 
suppressor function has highlighted the potential for therapeutic inter- 
vention of this pathway to treat cancer and has uncovered a diversity of 
anti-tumour responses in different tumour types**. These studies imply 
that some types of cancer rely upon sustained inactivation of the p53 
pathway as these tumours undergo rapid, and sometimes complete, 
regression once p53 is restored. To elucidate the role of p53 in lung 
cancer progression and to evaluate the therapeutic potential of p53 
reactivation in this disease, we analysed the effect of Trp53 restoration 
in a mouse model of Kras“’7”-driven lung cancer at different time points 
in tumour progression. Trp53 restoration was achieved by delivering 
tamoxifen to 4-week-old Kras’4” * Trp53""-Rosa2 TeERT2 ice 
(Supplementary Fig. 1). We measured tumour volumes with micro- 
computed tomography and tumour areas by histological analysis. 
Surprisingly, at this time point, Trp53 restoration did not significantly 
change tumour size or number (Fig. la, b). Efficient deletion of the 
‘STOP’ element from Trp53'*" alleles was evident in all tumours ana- 
lysed (Supplementary Fig. 2). 

To establish the timing and stage of tumour progression when the 
effects of p53 mutation are evident, we compared Kras cesta ;Trp53° _ 
tumours to tumours from age-matched Kras’4”*;Trp53*/* mice. At 
four weeks, most tumours were adenomatous hyperplasias or alveolar 
adenomas with monomorphous epithelial cells and uniform nuclei 
(Supplementary Fig. 3). In Kras'“7* ;Trp53'*""*" mice at this age, a small 
fraction of tumours had mixed histological features with focal areas of 


adenocarcinoma within lower grade lesions (Fig. 1c). Although most 
tumours in Kras'4”* ;Trp53*/* and Kras'4” *Trp538Y TSL mice were 
of similar grade, the presence of pleomorphic nuclei was a pro- 
minent feature of Kras’4” + Trp53 TSL “tumours compared to 
Kras'“”’* ;Trp53*’* tumours (Fig. 1d). This observation may indicate 
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Figure 1 | Lung adenomas are apathetic to Trp53 restoration, whereas 
adenocarcinomas are responsive. a, Individual tumour volumes were 
determined by micro-computed tomography 2 weeks after Trp53-restoration that 
began at 4 weeks of age. b, Histological sections were evaluated for tumour number 
in control (n = 10) and restored (n = 12) mice. c, Tumour number and grade at 4 
and 10 weeks of age. Individual tumours from Kras’”’* ;Trp53'S“"*" (n = 5) and 
Kras47/* ;Trp53’ * (n= 4) mice. The percentage and number (in parentheses) of 
tumours is indicated. d, Pleomorphic nuclei in tumour samples from c (see also 
Supplementary Fig. 5). e, Restoration of Trp53 in 10-week-old animals results in 
significantly diminished tumour size. Tumour volumes determined by micro- 
computed tomography 2 weeks after p53 restoration. f, Representative tomograms 
from micro-computed tomography analysis at 12 weeks. g, Serial micro- 
computed tomography analysis of individual tumours. Average relative size of 
tumours is plotted, error bars represent s.e.m. n.s., not significant; Tx, treatment. 
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that Kras'“?’* ;Trp53'S"*" tumour cells have a higher degree of genetic 
instability that may facilitate tumour progression at a later time point. 

At 10 weeks of age, Kras’47/* ;Trp53" “S tumours were much more 
likely to exhibit nuclear pleomorphism and regions of advanced his- 
topathology. Beyond these mixed grade tumours, frank adenocarcino- 
mas were present exclusively in Kras’“””* ;Trp53'>"*" mice (Fig. 1c). 
Given that high-grade tumours were more prevalent in older mice, we 
restored Trp53 in 10-week-old Kras'4” + Prp5g TSE Rosq2o rr ERI2 
mice. Here, restoration of Trp53 resulted in significantly smaller 
tumours compared to controls after 2 weeks (Fig. le, f). To monitor 
the response of individual tumours, we performed serial micro-com- 
puted tomography before and after T7p53 restoration. Although control 
tumours continued to grow during the 2-week time course, we found 
that the average size of tumours after Trp53 restoration was static 
(Fig. 1g). However, the response of individual tumours was variable 
(Supplementary Fig. 4). Thus, we proposed that only a subset of 
tumours is sensitive to Trp53 restoration. 

Upon Trp53 restoration, adenocarcinomas, but not adenomas, dis- 
played multiple features of cellular senescence. Both p53 and the p53 
target gene Cdkn1a (also known as p21) were detectable in tumours as 
early as 3days after restoration, but were specifically confined to 
tumours with adenocarcinomatous features (Fig. 2b and Supplemen- 
tary Fig. 5). In addition to observing p21 induction in the adenocarci- 
nomas of 10-week-old mice (Fig. 2c), p21 was also induced in the few 
carcinomas found in the 4-week-old animals (data not shown). 
Moreover, Trp53 restoration caused reduced cellular proliferation 
(Fig. 2d). Of note, the percentage of tumours with adenocarcinoma- 
tous features was significantly diminished 2 weeks after Trp53 restora- 
tion with many tumours showing gaps between collections of 
low-grade tumour cells filled with foam macrophages (Fig. 2a, e). 
Despite this evidence of cell loss, we failed to find signs of apoptosis 
in lung tumours across an extensive time course after Trp53 restora- 
tion (Supplementary Fig. 6). Collectively, these data demonstrate that 
adenomas do not respond to p53 restoration, whereas adenocarcino- 
mas are sensitive. Moreover, Trp53 mutation per se does not induce 
phenotypic changes in tumour grade but rather creates a permissive 
environment for the outgrowth of cells that have undergone additional 
steps in tumour progression. Finally, the alterations that drive tumour 
progression can also stimulate p53-dependent cellular responses. 

To interrogate the mechanisms that drive tumour progression, we per- 
formed immunohistochemistry on tumours from Kras'47’*;Trp53*/* 
and Kras’4”*;Trp53'*""*" animals to assess the activity of multiple 
relevant pathways during the adenoma-adenocarcinoma transition. 
We found that phosphorylation levels of Mek1/2 (p-Mek, also known 
as Map2k1/2) and p42/p44 MAPK (p-Erk, also known as Mapk1) was 
markedly higher in adenocarcinomas compared to adenomas (Fig. 3a, 
b). This observation indicated that amplified MAPK signalling could 
drive progression of Kras°!??-initiated lung cancer. High levels of 
MAPK signalling downstream of oncogenic Kras induces cell cycle 
arrest/senescence mediated by Arf (a product of the Cdkn2a locus) 
and p53 in multiple cell types in vitro’. In contrast, physiological 
levels of oncogenic signalling elicited by a single oncogenic Kras allele 
do not activate the Arf/p53 tumour suppressor pathway and instead 
can drive proliferation and tumorigenesis in many cell types’”"'*. Some 
cancer models show that mutation of Ras family members can initiate 
tumorigenesis, while amplification of oncogenic Ras or loss of the wild- 
type Ras allele is associated with tumour progression'*'’. Thus, we 
proposed that amplification of oncogenic signalling could simulta- 
neously drive tumour progression and the outgrowth of cells that 
had inactivated the p53 pathway during the natural course of tumour 
evolution. Consistent with this hypothesis, fluorescent in situ hybridi- 
zation (FISH) analysis showed that a subset of adenocarcinomas with 
high p-Erk had copy number gains of the Kras locus. Conversely, copy 
number alterations of Kras were never seen in adenomas (Fig. 3c). 
Together, these observations indicate that although the mechanisms 
that amplify oncogenic signalling are likely to be diverse, MAPK signal 
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Figure 2 | Adenocarcinoma cells are sensitive to Trp53 restoration and are 
specifically eliminated from lung tumours. a, Histological sections from 
control and Trp53-restored tumours stained with haematoxylin and eosin. Inset 
of Trp53-restored tumours show monomorphic nuclei and tumour fissures 
filled with foam macrophages (asterisks). Scale bars, 50 im. b, Tumour sections 
3 days after Trp53 restoration. Haematoxylin and eosin-stained tumour section 
(top) with adenoma and carcinoma areas indicated. Serial section stained with 
p21 antibody (bottom). c, Contingency tables showing coincidence of p21 and 
adenocarcinoma 3 days after Trp53 restoration. d, Number of pH3-positive 
cells per jum? for each tumour. Average and s.d. are shown. Trp53 restoration 
leads to significantly fewer mitoses. *P < 0.05 e, Tumour grades in control and 
Trp53 restored animals two weeks after initial treatment (vehicle-treated 
tumours, 1 = 60; tamoxifen-treated tumours, n = 47). 


Restored 


amplification typifies Kras'“? lung adenocarcinomas and may drive 
progression towards malignancy. 

To test whether cells with amplified MAPK signalling persist after 
Trp53 restoration, we analysed Kras'4” *;Trp53 SLISL. Ra cq 261eERT2 
animals across a time course after tamoxifen administration. Loss of high 
p-Erk staining cells was evident 1 week after Trp53 restoration (Sup- 
plementary Fig. 7). Compared to controls, tumours with Trp53 restored 
showed significantly fewer p-Erk positive tumours after 2 weeks (Fig. 3d). 
This observation, in conjunction with the selective loss of histologically 
advanced tumour cells seen after Trp53 restoration, suggests that amp- 
lified MAPK signalling is incompatible with p53 expression. 

Next, we micro-dissected tumours from Kras“4”* ; ins ISL mice 
and performed gene expression analysis to characterize better the 
molecular alterations that drive tumour progression. We developed 
an ‘adenocarcinoma signature’ by comparing the gene expression pro- 
files of adenocarcinomas and adenomas (Fig. 4a). Gene set enrichment 
analysis showed that pathways associated with increased proliferation 
such as cell cycle processes, the Ras pathway and c-myc (also known as 
Myc) target genes were enriched in adenocarcinomas compared to 
adenomas (Fig. 4b). Other gene sets associated with adenocarcinomas 
were chemokine regulation, inflammation and immune responses, as 
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Figure 3 | Adenocarcinomas are typified by amplified MAPK signalling. 

a, Serial tumour sections ofa mixed grade tumour stained with haematoxylin and 
eosin (H&E), anti-p-Mek or anti-p-Erk. Dashed lines outline high-grade (blue) 
and low-grade (black) areas. b, Contingency tables representing number of 
tumours with high or low MAPK signalling, and the corresponding tumour 


grades in Kras’4* ;T p53” ISL 4+ the 4- and 10-week time points. c, A subset of 


well as AP] and PEA3 (also known as Jun and Etv4, respectively) target 
genes. These data indicate that multiple pathways are enhanced upon 
progression to malignancy coincident with, or as a result of, amplified 
MAPK signalling. 

To assess the response to p53 restoration in adenocarcinomas at the 
level of gene expression, we profiled micro-dissected tumours from 
Kras'47* Trp53'S":Rosa26C" 7 mice seven days after Trp53 
restoration. Each tumour was histologically analysed for evidence 
consistent with a p53 response and the appearance of some adenocarci- 
noma features (Supplementary Fig. 7). We used the adenocarcinoma 
signature to perform hierarchical clustering on these p53-restored 
samples together with adenomas and adenocarcinomas. Interestingly, 
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tissue sections from a were stained with bacterial artificial chromosome probes 
surrounding the Kras locus on mouse chromosome 6. Kras signals (red) and 
DAPI/DNA (blue) counter stain are shown in an adenoma and a carcinoma. 
Asterisks indicate nuclei with greater than two Kras signals. d, Contingency plot 
of tumours with high p-Erk staining shows significantly fewer tumours with high 
p-Erk staining after Trp53 restoration. 


the p53-restored samples clustered with adenomas with high con- 
fidence. Additionally, adenocarcinoma specific gene sets were de- 
enriched in Trp53-restored tumours (Fig. 4a, b). These data are 
consistent with our observation that adenocarcinoma cells are spe- 
cifically culled from these tumours leaving behind adenoma cells that 
are unresponsive to p53 restoration. 

Hyperactive MAPK signalling has been shown to induce the tran- 
scription of Cdkn2a, leading to expression of Arf, an upstream activator 
of p53 (ref. 9). Consistent with this mechanism of triggering the p53 
pathway, we found that Cdkn2a expression was higher in adenocarci- 
nomas compared to adenomas (Supplementary Fig. 8a). Moreover, in 
tumours from Kras!47/* sTrp53s ISL mice, p-Erk co-localizes with Arf 
staining by immunofluorescence and immunohistochemistry speci- 
fically in adenocarcinomas and the higher-grade areas of mixed-grade 
tumours (Fig. 4c and Supplementary Fig. 8b, c). To test the functional 
requirement of Arfin the p53 response, we studied cell lines generated 
from Kras’4” ‘ps3 PSL Rosq26eERT2 lung adenocarcinomas. As 
we had observed in vivo, restoration of Trp53 in cell culture led to 
prolonged cell cycle arrest without appreciable cell death. Further, 
the gene expression program elicited by Trp53 restoration in these cell 
lines is similar to that observed in vivo, validating them as a relevant 
model with which to test Arf dependency for activation of p53 res- 
ponses after Trp53 restoration (Supplementary Fig. 9). We expressed 
shRNAs (short hairpin RNAs) targeted against either an Arf-specific 


Figure 4 | Arf is specifically expressed in adenocarcinomas and sensitizes 
lung cancer cells to Trp53 restoration. a, Hierarchical clustering of samples 
based on the adenocarcinoma signature. Confidence values (percent) are 
indicated at the top of major clades. b, GSEA (gene set enrichment analysis). 
Notable gene sets are listed with normalized enrichment scores for each 
comparison. Positive and negative enrichment scores indicate correlation and 
anti-correlation, respectively. c, Tissue sections from Kras47* -Trp53'8 Este 
adenomas, mixed-grade tumours, and adenocarcinomas were co-labelled with 
antibodies to p-Erk (red) and Arf (green). Six adjacent fields of view of a mixed- 
grade tumour (top), and deconvoluted z-stack images (bottom) of dashed 
regions of an adenoma area (left) and adenocarcinoma area (right) are shown. 
d, Proliferation assay in adenocarcinoma-derived cell lines. Knockdown with 
retrovirally expressed shRNAs to Trp53 or Cdkn2a (Arf-specific transcript), or 
control cells 48 h after Trp53 restoration. Percentage of BrdU“ cells is indicated. 
e, Adenocarcinoma cell lysates from d were subjected to immunoblot analysis 
for p53, p21, Arf and Hsp90 (loading control). 
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transcript of Cdkn2a or Trp53 in cell lines before Trp53 restoration. As 
shown in Fig. 4d, inhibition of Arf or p53 allowed cells to continue to 
proliferate following addition of tamoxifen. Furthermore, Arf knock- 
down kept p53 levels low after Trp53 restoration and limited the induc- 
tion of the p53 target gene p21 (Fig. 4e and Supplementary Fig. 9c). 
These data indicate that Arf is required for p53 restoration-induced cell 
cycle arrest in this system. 

Our failure to detect apoptosis following Trp53 restoration stands in 
contrast to a report published together with ours in this issue’*. The 
most likely explanation for this discrepancy is the different technologies 
used to control p53 function. Whereas our method restores a disrupted 
gene back to its wild-type state and allows otherwise normal p53 
expression, our colleagues used a p53-ER fusion protein that might 
be expected to accumulate to high levels in advanced tumours that 
express Arf'*. Thus, in that setting, p53-ER may induce more robust 
responses that include apoptosis when activated by tamoxifen. 

Given our results on the requirement of Arf in the p53 response in 
this setting, one might imagine that Arf and p53 mutations would have 
equivalent effects in lung cancer progression. However, unlike in 
Kras’47* Tp" TSL tice, carcinomas rarely develop in Kras“4? 
mice carrying Arf mutations’”. Thus, the clear effects of p53 mutation 
on tumour progression are likely to reflect additional functions of p53, 
including its role in responding to DNA damage and other forms of 
genomic instability”®. 

The possibility that reactivation of defective p53 pathways will lead 
to variable and incomplete tumour regression is intriguing and may 
have important implications for anti-cancer therapies. As a tumour 
naturally progresses, multiple related, but genetically distinct clones 
co-evolve within the tumour. Conceptually akin to resistance muta- 
tions that are selected after targeted cancer therapies, pharmacological 
targeting of mutations that drive tumour progression, rather than 
initiation, may lead to significant pruning of some clones but leave 
behind others that still have significant potential to progress further in 
tumorigenesis. Although it is generally accepted that the elimination of 
the most advanced tumour cells within a cancer will be a significant 
benefit in cancer therapy, strategies to eliminate, or prevent progres- 
sion of, the less advanced residual tumour cells may be important to 
allow durable therapeutic responses. 


METHODS SUMMARY 

Mice. Animal studies were approved by the Committee for Animal Care, and con- 
ducted in compliance with the Animal Welfare Act Regulations and other federal 
statutes relating to animals and experiments involving animals and adheres to the 
principles set forth in the Guide for the Care and Use of Laboratory Animals, National 
Research Council, 1996 (institutional animal welfare assurance no. A-3125-01). All 
animals were maintained on a mixed C57BL/6] x 129SvJ strain. Tamoxifen (Sigma) 
was administered intraperitoneally twice weekly at 200 1g per gram total body weight. 
Micro-computed tomography analysis was performed as described”. 

Histology and immunohistochemistry. Formalin-fixed paraffin-embedded sec- 
tions were stained with antibodies against p53 (Novocastra NCL-p53-CM5p), 
phosphorylated Mek1/2 (p-Mek), phosphorylated p42/p44 MAPK (p-Erk), cleaved 
caspase 3 (CC3), phosphorylated histone H3 (pH3) (Cell Signaling Technology), 
p19/Arf, or p21 (F5) (Santa Cruz Biotech). Immunofluorescence images were pro- 
duced with a Delta Vision deconvolution microscope (Applied Precision) and 
SoftWorx software. Terminal deoxynucleotidyl transferase dUTP nick-end label- 
ling (TUNEL) staining was performed following the manufacturer’s instructions 
(In situ Cell Death Detection kit, Roche). FISH was performed with Texas Red- 
labelled bacterial artificial chromosome (BAC) clone RP23-188E5. 

Gene expression analysis. RNA was extracted from micro-dissected tumours 
using TRIzol (Invitrogen). RNA was processed, labelled and hybridized to 
Affymetrix 430A_v2 chips. Gene expression data was deposited in Gene 
Expression Omnibus (GSE23875). 

Cell lines. Cell lines were derived from Kras’47/* ;Trp53'5” ISL. Rosa 26 reERT? 
adenocarcinomas. Retroviruses expressing shRNAs were designed and cloned as 
described previously~. Cell cycle analysis was performed according to the APC 
BrdU Flow Kit (BD Parmingen). 

Immunoblot analysis. p53 protein was detected using NCL-p53-505 
(Novocastra), Hsp90 served as a loading control and was detected using a 
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monoclonal antibody (BD Transduction Laboratories). Other antibodies were as 
for immunohistochemistry. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Mice. Animal studies were approved by the Committee for Animal Care, and 
conducted in compliance with the Animal Welfare Act Regulations and other 
federal statutes relating to animals and experiments involving animals and adheres 
to the principles set forth in the Guide for the Care and Use of Laboratory Animals, 
National Research Council, 1996 (institutional animal welfare assurance no. 
A-3125-01). All animals were maintained on a mixed C57BL/6J x 129SvJ strain. 
Kras'“?, Trp53'* and Rosa26(=®" mice have been described®'*. Tamoxifen 
(Sigma) was dissolved in corn oil (Sigma) and administered intraperitoneally twice 
weekly at 200 jig per gram total body weight. Lung tumour volumes were acquired 
from isoflurane-anesthetized mice using eXplore Locus MicroCT imager. Image 
acquisition was performed using eXplore Scan Control software, using a 45-1m 
voxel size program, and three-dimensional reconstruction was performed using 
eXplore Reconstruction Utility software. High-resolution tomograms were generated 
and individual tumour volumes were measured and calculated using MicroView 
software (all from GE Healthcare). For serial micro-computed tomography analysis, 
the relative size of each tumour was compared to the tumour volume at the 10-week 
time point. 

Statistics. P-values indicated in contingency tables and FISH analysis were estab- 
lished by Fisher’s exact test. Significance values from tumour volume studies and, 
proliferation (pH3) analyses were evaluated by Student’s two-tailed t-test. 
Microarray statistics are described below. 

Histology. All tissues were fixed in 10% formalin overnight, transferred to 70% 
ethanol, then embedded in paraffin. Four-micrometre sections were cut. 
Tumour grading. All histological analyses were assisted by a board certified 
veterinary pathologist (R.B.). A tumour was scored positive for pleomorphic 
nuclei if it contained three or more such cells. 

Immunohistochemistry. Slides were stained with haematoxylin and eosin or with 
antibodies to p53 (Novocastra NCL-p53-CM5p), phosphorylated Mek1/2 
(p-Mek), phosphorylated p42/p44 MAPK (p-Erk), cleaved caspase 3 (CC3), phos- 
phorylated histone H3 (pH3) (Cell Signaling Technology), p19/Arf, or p21 (F5) 
(Santa Cruz Biotech). Antigen retrieval was performed in 10 mM sodium citrate 
pH6.0 by heating in a pressure cooker for 10 min. 

Immunofluorescence. Images were captured with a 60, 1.3 NA objective on a 
Delta Vision deconvolution microscope (Applied Precision). Image z-stacks were 
deconvoluted with SoftWorx software package, and maximum projections saved 
as tiff files. TUNEL staining was performed following the manufacturer’s instruc- 
tions (In situ Cell Death Kit, Roche). 

FISH. BAC clone RP23-188E5 was labelled with Texas Red dye. Hybridizations 
and probe labelling was performed at the Memorial Sloan Kettering Cancer 
Center, cytogenetics core facility. 

Cell line derivation, retrovirus production, and shRNA cloning. Tumours were 
isolated from Kras’4?/* sTrp53's” ESL Rosq26CER™ animals, dissociated with 
collagenase and trypsin for one hour at 37°C, and then grown in Dulbecco’s 
modified Eagle media plus 10% fetal bovine serum. Retroviruses were produced 
by transfection of Phoenix cells (Lipofectamine 2000) and shRNAs were designed 
and cloned as previously described”’. The 97-nucleotide oligomer used to generate 
the shRNA targeting the Cdkn2a locus was: 5'-TGCTGTTGACAGTGAGCGA 
CGCTCTGGCTTTCGTGAACATTAGTGAAGCCACAGATGTAATGTTCAC 
GAAAGCCAGAGCGCTGCCTACTGCCTCGGA-3’. Cell cycle analysis was 


performed according to the APC BrdU Flow Kit (BD Parmingen). Data are rep- 
resentative of five cell lines derived from independent tumours. Cell lysates were 
prepared with RIPA buffer before separation on 4-12% BisTRIS NuPAGE gels 
(Invitrogen). Mouse p53 protein was detected using NCL-p53-505 (Novocastra). 
Hsp90 served as a loading control and was detected using a monoclonal antibody 
(BD Transduction Laboratories). Other antibodies were as for immunohisto- 
chemistry. Data are representative of two independent cell lines sorted by green 
fluorescent protein expression (expressed from within the shRNA retrovirus”) for 
purity. 

Gene expression analysis. Microarray analysis. RNA was extracted from micro- 
dissected adenocarcinomas, adenomas and Trp53-restored tumours from 
Kras'4” + Trps3s/ ISL mice using TRIzol (Invitrogen). RNA was processed, 
labelled and hybridized to Affymetrix 430A_v2 chips according to the manufac- 
turer’s instructions. Affymetrix data analysis was done using statistical tools pro- 
vided by the R and Bioconductor projects (http://cran.r-project.org/; http:// 
www.bioconductor.org/). Data import and quality control assessment was done 
using the packages Affy and AffyPLM”. Data was summarized and normalized 
using g¢RMA™. Differential expression analysis was carried out using limma”. All 
the R commands, input data and environment-specific details required to duplicate 
these analyses are located here: 
http://luria.mit.edu/caw_web/Feldser_supplemental/EtOH_TAM/ 
http://luria.mit.edu/caw_web/Feldser_supplemental/tumours/ 

Hierarchical clustering with P-values. The ‘adenocarcinoma signature’ consists 
of 71 genes up-regulated in adenocarcinomas and 57 genes up-regulated in ade- 
nomas (P < 0.05 and fold change > 1.75). Expression values were row-normalized 
using z-scores and the resulting data were subjected to hierarchical clustering 
(Ward’s method) and a sample dendrogram was produced using the R package 
pvclust”*. The heat map was generated using Spotfire DecisionSite 9.1.1. The 
required R commands and the input data are located here: 
http://luria.mit.edu/caw_web/Feldser_supplemental/pvclust/ 

Gene set enrichment analysis (GSEA). GSEA (http://www.broad.mit.edu/gsea/) 
was used to examine the distribution of the curated gene sets from the Broad 
Institute’s MsigDB (http://www.broadinstitute.org/gsea/msigdb/index.jsp) in lists 
of genes ordered according to differential expression between various conditions. 
Positive and negative enrichment scores indicate correlation and anti-correlation 
respectively. The resulting data and the files required to duplicate these analyses 
are available here: 
http://luria.mit.edu/caw_web/Feldser_supplemental/EtOH_TAM_GSEA/ 
http://luria.mit.edu/caw_web/Feldser_supplemental/tumours_GSEA/ 
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Tension directly stabilizes reconstituted 
kinetochore-microtubule attachments 


Bungo Akiyoshi!*, Krishna K. Sarangapani**, Andrew F. Powers**, Christian R. Nelson’, Steve L. Reichow’, 
Hugo Arellano-Santoyo”’, Tamir Gonen*”, Jeffrey A. Ranish®, Charles L. Asbury* & Sue Biggins! 


Kinetochores are macromolecular machines that couple chromo- 
somes to dynamic microtubule tips during cell division, thereby 
generating force to segregate the chromosomes’. Accurate segrega- 
tion depends on selective stabilization of correct ‘bi-oriented’ 
kinetochore-microtubule attachments, which come under tension 
as the result of opposing forces exerted by microtubules’. Tension is 
thought to stabilize these bi-oriented attachments indirectly, by 
suppressing the destabilizing activity of a kinase, Aurora B*”. 
However, a complete mechanistic understanding of the role of 
tension requires reconstitution of kinetochore-microtubule attach- 
ments for biochemical and biophysical analyses in vitro. Here we 
show that native kinetochore particles retaining the majority of 
kinetochore proteins can be purified from budding yeast and used 
to reconstitute dynamic microtubule attachments. Individual 
kinetochore particles maintain load-bearing associations with 
assembling and disassembling ends of single microtubules for 
>30 min, providing a close match to the persistent coupling seen 
in vivo between budding yeast kinetochores and single micro- 
tubules®. Moreover, tension increases the lifetimes of the reconsti- 
tuted attachments directly, through a catch bond-like mechanism 
that does not require Aurora B”’’. On the basis of these findings, we 
propose that tension selectively stabilizes proper kinetochore- 
microtubule attachments in vivo through a combination of direct 
mechanical stabilization and tension-dependent phosphoregulation. 
To isolate native yeast kinetochores, we modified a method that 
we previously developed to purify minichromosomes containing 
centromere-bound kinetochores'’. We affinity-purified the Dsn1- 
Flag epitope-tagged kinetochore protein under physiological concen- 
trations of salt to maintain kinetochore structure''. Although Dsn1 isa 
component of the four-member Mis12 kinetochore subcomplex (also 
called Mtw1/MIND complex”), silver-staining (Fig. 1a) and immuno- 
blotting (Fig. 1b) of the detergent-eluate after SDS—polyacrylamide gel 
electrophoresis (SDS-PAGE) revealed co-purification of components 
from nearly all core subcomplexes. In contrast, purifications via tags 
on subcomplexes other than Mis12 did not isolate the majority of 
kinetochore subcomplexes (Supplementary Fig. 1 and refs 12, 13). 
Kinetochore components were the most abundant proteins in the 
Dsn1-Flag-purified sample. Most bands on the silver-stained gels 
could be unambiguously assigned to core kinetochore proteins by 
gel shifts after epitope tagging (Supplementary Fig. 2), and their rela- 
tive abundance was consistent between preparations (Figs la, 2a and 
Supplementary Figs 2, 4 and 6). Similarly, mass spectrometry indicated 
that core kinetochore proteins were the most abundant (Fig. Ic, 
Supplementary Table 1 and Supplementary Note 1). Spindle check- 
point and other kinetochore regulatory proteins also co-purified, 
although motor proteins and the Aurora B protein kinase were not 
detected (Supplementary Table 1 and Supplementary Note 2). To test 
whether the kinetochore proteins stably associate with Dsn1—Flag, we 


performed gel filtration after Flag peptide elution. A peak fraction 
(~25 nm Stokes radius) containing DNA- and microtubule-binding 
kinetochore components was detected (Fig. 1d, Supplementary Fig. 3 
and Supplementary Note 3). Taken together, these data show that 
stable, large assemblies spanning the entire kinetochore can be isolated 
from budding yeast. 

To investigate whether the purified kinetochore particles are func- 
tional, we developed several bead- and fluorescence-based assays. First, 
we double-tagged Dsn1 so the particles could be coupled via anti- 
penta-His antibodies to polystyrene microbeads. Beads prepared with 
kinetochore particles from wild-type cells bound densely along taxol- 
stabilized microtubules (22 + 1 beads per field; Fig. 2b). If instead the 
beads were prepared using particles from ndc80-1 (NDC80 is also 
known as TID3) or spc105-15 mutant strains (Fig. 2a and Supplemen- 
tary Fig. 4), binding was severely reduced (2 + 1 or 4+ 1 beads per 
field, respectively; Fig. 2b). Fluorescent kinetochore particles from 
strains containing the centromeric histone variant Cse4 fused to green 
fluorescent protein (Cse4—GFP) behaved similarly (Fig. 2c, Supplemen- 
tary Figs 5 and 6). Previous work using recombinant Ndc80 and Spcl05 
has suggested that both subcomplexes contribute synergistically to 
microtubule binding’*. The marked loss of binding in our assays with 
either ndc80-1 or spc105-15 is consistent with this hypothesis. Notably, 
kinetochore particles from dad1-1 mutants (Dam1 complex) sup- 
ported binding at near wild-type levels (18 +3 beads per field; 
Fig. 2b). This observation is consistent with previous analyses indi- 
cating that the initial attachment of kinetochores to the sides of micro- 
tubules does not require the Dam1 complex". 

During mitosis in vivo, kinetochores persistently attach to the 
assembling and disassembling ends of microtubules, and they with- 
stand tensile forces ranging from about 0.4 to 8.0 pN*’’. Time-lapse 
fluorescence imaging confirmed that the kinetochore particles track 
with disassembling ends in vitro (Fig. 2d, Supplementary Fig. 7, Sup- 
plementary Movies 1 and 2 and Supplementary Notes 4 and 5). Their 
disassembly-driven movement was highly processive, usually continu- 
ing until the filament depolymerized completely back to the seed. To 
test whether they also withstand physiological forces, we adapted a 
recently-developed bead motility assay'* ’. Beads prepared with kine- 
tochore particles from wild-type and various mutant strains were 
attached near the growing ends of individual microtubules and con- 
stant tension was applied using a servo-controlled laser trap. Bead- 
bound wild-type particles remained associated with the microtubule 
end, supporting continuous loads up to 11 pN (Fig. 3a, Supplementary 
Fig. 8 and Supplementary Notes 4 and 5). These wild-type attachments 
were long lived, with a mean duration comparable to that of mitosis in 
yeast (Supplementary Fig. 9)°. They often persisted through multiple 
‘catastrophe’ and ‘rescue’ events, where the filament switched from 
assembly to disassembly and vice versa (Fig. 3a, red trace, Supplemen- 
tary Fig. 8 and Supplementary Movie 3), a behaviour exhibited by 
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Figure 1 | Kinetochore particles can be isolated by affinity purification of 
Dsn1-Flag. a, Core kinetochore proteins co-purify with Dsn1-Flag as 
visualized by silver-stained SDS-PAGE. Asterisk indicates non-specific co- 
purifying proteins. b, Immunoblot confirms co-association of DNA- and 
microtubule-binding components with Dsn1-Flag. c, Mass spectrometry 
identifies all components of kinetochore subcomplexes except CBF3. Identities, 
percent sequence coverage, and number of identified peptides of core 
kinetochore proteins are shown. See Supplementary Table 1 for all proteins 
identified by mass spectrometry. Ndcl0 and Ydr532c are also known as Cbf2 
and Kre28, respectively. d, Eluted kinetochore particles were subjected to S-500 
size exclusion chromatography and analysed by immunoblots. The kinetochore 
proteins analysed co-migrate as a complex (Stokes radius ~25 nm). 
Supplementary Fig. 3 shows additional fractions. 

kinetochores in vivo. During disassembly, the attachments also moved 
ina direction opposite the trapping force, demonstrating that they can 
harness energy stored in the microtubule lattice to produce mechanical 
work. Notably, their coupling behaviour was more robust than simpler 
couplers based on recombinant Ndc80 and Dam1 complexes'*'* (Sup- 
plementary Fig. 9), and they formed strong attachments even when the 
Dsn1:bead ratio was reduced below 200:1 (Fig. 3b, c and Supplemen- 
tary Fig. 10). Particles from the dad1-1 mutant strain formed weaker 
attachments (Fig. 3b, c), whereas those from ndc80-1 or spc105-15 
strains usually failed to interact detectably with the filaments (similar 
to the results with taxol-stabilized microtubules) (Fig. 3d). 
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Figure 2 | Purified kinetochore particles bind microtubules in vitro. 

a, Silver-stained SDS-PAGE of Dsn1-His—Flag kinetochore material from wild 
type (WT), ndc80-1, spc105-15 and dad1-1 mutants. Red dots indicate reduced 
proteins in the mutant preparations (see Supplementary Fig. 4). Bottom: anti- 
Flag immunoblot against Dsn1—His-Flag. b, Binding of beads prepared with 
material from indicated strains to taxol-stabilized microtubules (mean + s.d., 
from N fields, as indicated). c, Fluorescence images of Cse4—GFP kinetochore 
particles (green) from wild-type and ndc80-1 strains bound to taxol-stabilized 
microtubules (red). d, Selected frames from Supplementary Movie 1 showing 
movement of Cse4—GFP particles (arrows) driven by the disassembling ends of 
a microtubule (red; see also Supplementary Fig. 7 and Supplementary Movie 2). 


The robust behaviour of the wild-type kinetochore particles at low 
Dsn1:bead ratios indicates that few particles, perhaps just one, may be 
required to form a load-bearing coupler (Supplementary Note 6). If 
single particles suffice, then under conditions of limiting particle density 
the strength of the interaction should remain invariant as the density of 
particles on the beads is reduced. Consistent with this prediction, the 
force required to rupture attachments associated with growing micro- 
tubule ends was statistically indistinguishable, averaging 9.1 + 0.2 pN, 
across a 100-fold range of Dsn1:bead ratios (Fig. 3b, c). A second pre- 
diction is that the fraction of active beads, A(c), should vary according to 
the Poisson probability that a bead carries one or more active particles, 
A(c)=1—e *, where c is the relative Dsn1 concentration and A is a 
fitting parameter. Indeed, this form of A(c) matches closely the fraction of 
beads that formed attachments to growing ends (Fig. 3d). The obser- 
vation that a measurable event becomes rarer upon dilution while its 
properties remain unchanged is the hallmark of a ‘single molecule’ 
experiment. Analogous observations first demonstrated that single 
motor enzymes such as kinesin and myosin V are processive, for example 
in refs 20-22. Here it indicates that robust coupling is an intrinsic and 
stable property of the purified kinetochore particles — artificial oligo- 
merization on the bead surface is not required. It also demonstrates a 
close match to the physiological situation in budding yeast, where each 
individual kinetochore is coupled to the tip of a single microtubule”. 
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Figure 3 | Single kinetochore particles suffice for robust coupling. 

a, Records of position versus time for native kinetochore-based attachments at 
indicated tensile loads. Arrows mark transitions (catastrophes and rescues). 
b, Rupture force distributions for beads prepared with particles at indicated 
concentrations from wild-type (WT syn), dad1-1, and checkpoint-activated 
wild-type cells (WT checkpt). ¢ Mean rupture force (+ s.d., from N ruptures, 
indicated in b) versus labelling density, expressed as the Dsn1-His—Flag 
concentration (bottom scale) and the corresponding Dsn1:bead ratio (top 
scale). d, Fraction of beads that bound a growing microtubule end (mean = s.d., 
N = 11-396). Dotted curve shows Poisson fit (see text and Supplementary 
Information for details). 


The basis for accurate chromosome segregation is thought to be 
tension-dependent stabilization of bi-oriented kinetochore—-microtubule 
attachments”. This selective stabilization has been attributed to an 
indirect mechanism where tension inhibits phosphorylation of kineto- 
chores by the Aurora B kinase*”. As a first step towards reconstituting 
this mechanism, we measured the effect of tension on attachment life- 
times for individual end-associated kinetochore particles. Considering 
that the particles lacked detectable Aurora B (Supplementary Table 1), 
that there was no ATP present to allow phosphorylation, and that 
protein-protein interactions are typically destabilized by force**”*, we 
expected a monotonic decrease in lifetime with increasing tension. 
Surprisingly, increasing tension between 1 and 5pN enhanced the 
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stability of the attachments (Fig. 4a), raising their mean lifetime from 
21+5 to 50+17min (P=0.0012; based on N=15 and 9 events 
observed for 5.2 and 7.5 h, respectively). This result shows that physio- 
logical levels of tension can stabilize kinetochore-microtubule attach- 
ments directly, by a mechanism that does not require Aurora B. The 
result is also reminiscent of ‘catch bonds’ between receptor-ligand pairs, 
which enhance cell adhesion in the presence of mechanical force”. 
Catch bonds are often explained using two-state kinetic models in 
which the receptor-ligand pair can switch between a strongly and a 
weakly bound state, and tension promotes adoption of the strong 
state’’. Considering that microtubule tips also switch between two 
states, assembly and disassembly, we thought a similar model might 
apply to our reconstituted attachments (Fig. 4b). To test this, we mea- 
sured independently how the rates of the following four events varied 
with tension: detachment during assembly, detachment during dis- 
assembly, catastrophe, and rescue. The detachment rate during assembly 
was low (~1h_’) and it increased gradually with tension (Fig. 4c, red). 
By comparison, detachment during disassembly was much faster (10- to 
100-fold) but less sensitive to tension, decreasing with force (Fig. 4c, 
blue). We speculate that this suppression of detachment may arise from 
the force-dependent slowing of disassembly (Fig. 4e, blue). Together, the 
two detachment rates are consistent with a two-state catch bond-like 
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Figure 4 | Tension stabilizes attachments between kinetochore particles and 
dynamic microtubules. a, Measured attachment lifetimes for wild-type 
(WTasyn) and dad1-1 particles. Tension initially prolongs and then shortens 
lifetimes for wild-type attachments. Dotted curve shows prediction of the two- 
state model (see text). b, Schematic of two-state model with detachment during 
assembly and disassembly (rates k3 and k,, respectively), and interconversion 
between states (k,; and kz). c-e, Measured rates and exponential fits for 
detachment during assembly (c, red), detachment during disassembly (c, blue), 
catastrophe (d, red), rescue (d, blue), growth (e, red) and shortening (e, blue). 
Error bars represent (a-d) counting uncertainty (N = 24-65) and (e) s.e.m. 
(N = 78-360). 
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model in which the strongly- and weakly-bound states correspond to tip 
assembly and disassembly, respectively. Tension also inhibited cata- 
strophes (Fig. 4d, red) and promoted rescues (Fig. 4d, blue), similar to 
our previous findings with Dam1-based attachments’. The lower cata- 
strophe and higher rescue rates imply that filaments under tension spend 
less time in the disassembling state, when the kinetochore particles are 
most vulnerable to detachment. We fit the force-dependence of all four 
rates with exponential curves (Figs 4c, d and Supplementary Table 2) 
and, without further fitting, used these to predict the lifetime versus 
force relationship for the two-state catch bond-like model (Sup- 
plementary Note 7). The excellent quantitative agreement with mea- 
sured lifetimes (see Fig. 4a) confirms that this model can explain the 
tension-dependent stabilization effect. If an analogous effect occurs at 
kinetochore-microtubule junctions in vivo, it could make an important 
contribution to the selective stabilization of bi-oriented attachments 
(see Supplementary Fig. 11). 

In summary, our purification of active kinetochore particles has 
enabled the first direct measurements of the coupling strength between 
individual native kinetochore particles and dynamic microtubules. 
Robust coupling at the single particle level depends on the outer micro- 
tubule-binding subcomplexes from the budding yeast core kineto- 
chore. Strikingly, tension enhances the stability of these attachments 
in a manner independent of Aurora B. On this basis we propose that 
selective stabilization of correct kinetochore-microtubule attachments 
occurs in vivo through a combination of at least two mechanisms, the 
canonical tension-dependent phosphoregulation, plus a more primitive 
mechanism based on tension-dependent modulation of tip dynamics. 


METHODS SUMMARY 


All yeast strains and plasmids used in this study are listed in Supplementary Tables 
3 and 4. Media and genetic and microbial techniques were as described’. Immuno- 
blotting and SDS-PAGE were as described”*. Kinetochore particles were isolated 
by affinity-purifying Dsn1-Flag or Dsn1-His-—Flag protein using a modified mini- 
chromosome purification protocol’’ (see Methods). A typical concentration of 
Dsn1-Flag or Dsn1-His—Flag was ~4 ig ml (60 nM). Size-exclusion chromato- 
graphy was carried out on a Sephacryl S-500 HR column (Amersham). Estimation 
of Stokes radii was obtained using a high molecular weight calibration kit (Bio- 
Rad) and the void volume of the column was determined using 500 nm polystyrene 
beads (Polysciences). Mass spectrometry was performed as described''. Total 
internal reflection fluorescence (TIRF) microscopy and flow cell preparation were 
performed as previously described’*"*. Purified Dsn1—His—Flag kinetochore particles 
were linked to polystyrene beads via biotinylated anti-penta-His antibody, essentially 
as described’®. The laser trap has also been described previously'’*”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Yeast strains, plasmids and microbial techniques. Media and genetic and 
microbial techniques were essentially as described’’. Mitotic cultures were pre- 
pared with benomyl as described". For temperature-sensitive mutants, cells were 
shifted to 37 °C for 3h. Yeast strains and plasmids used in this study are listed in 
Supplementary Tables 3 and 4. The ndc80-1 (ref. 29), spc105-15 (ref. 13), SPC105- 
GFP (ref. 13), YDR532c-GFP (ref. 13), dad1-1 (ref. 30) alleles were crossed to make 
strains for this study. Strains containing NUF2-3GFP:His3 and CSE4-GFP:URA3 
were made by integrating plasmid pSB897 digested with Xcml at the NUF2 locus 
and pSB1617 digested with Stul at the URA3 locus, respectively. Deletions, as well 
as 3Flag, 13Myc and mCherry epitope tags were made using a PCR-based integ- 
ration system and confirmed by PCR*'™’. The 6His-3Flag epitope tagging of the 
endogenous DSN1 gene was performed using a PCR-based integration system 
using primers $B2434-SB2435 and plasmid pSB1590 as a template. All tagged 
strains we constructed are functional in vivo and do not cause any detectable 
growth defects or temperature sensitivity. Specific primer sequences are available 
on request. 

Plasmid construction. pSB1590 (DSN1-6His-3Flag, URA3, integrating vector) 
was constructed in multiple steps as follows. First, pSB1110 (DSN1-12Myc, URA3, 
integrating vector) was made by amplification of DSN1 from pSB624 (DSN1, CEN, 
URA3)™ using primers SB1675 and SB1676. The PCR product was digested with 
Xhol and EcoRI and ligated into the same sites in pSB167 (12Myc, URA3, integ- 
rating vector)**. Second, a DNA fragment encoding 3Flag with 5’ EcoRI and 3’ 
Xmal sites engineered was made by annealing SB1698 and SB1699. The fragment 
was then integrated just before the 12myc open reading frame of pSB1110 (DSN1- 
12Myc, URA3, integrating vector) that was digested with EcoRI and XmalI to make 
pSB1113 (DSN1-3Flag, URA3, integrating vector). Finally, to make pSB1590 
(DSN1-6His-3Flag, URA3, integrating), a DNA fragment encoding the 6His tag 
with EcoRI sites at both ends was made by annealing $B2432 and $B2433, which 
was then integrated just before 3Flag of pSB1113 using EcoRI. The Nuf2-3GFP 
(pSB897) was made by PCR amplification of the carboxy-terminal 853 base pairs 
of NUF2 using primers SB1124 and $B1125 that have EcoRI and BamHI restric- 
tion sites engineered, respectively. The resulting PCR product was digested with 
EcoRI-BamHI and ligated into the same sites of pSB623 (gift of D. Pellman). To 
make Cse4-GFP (pSB1617), GFP was amplified by PCR from pSB623 using 
primers SB2443 and SB2444, digested with Xbal, and integrated into the Xbal site 
of pSB241 (CSE4, URA3, integrating vector)”. pSB1265 (3Flag, TRP1) was made 
by replacing KAN marker gene of pSB812 (3Flag, KAN) with TRP1 marker gene 
from pSB450 (TRP1) using Spel and Sall. pSB1643 (glutathione S-transferase 
fusion GST-N-Spc105 expression vector) was made by PCR amplification of the 
amino-terminal 798 bp of SPC105 using primers SB2590 and SB2591 that have 
BamHI and EcoRI sites engineered, respectively. The resulting PCR product was 
digested with BamHI-EcoRI and ligated into the same sites of pGEX-2T 
(Amersham). 

Isolation of kinetochore particles. Kinetochore particles were isolated by affin- 
ity-purifying Dsnl1-Flag or Dsnl-His-Flag protein using a minichromosome 
purification protocol"! with the following modifications. Briefly, cells were grown 
in complete YPD (yeast extract, peptone, dextrose) media and extract was pre- 
pared by breaking cells in a blender with dry ice, followed by ultracentrifugation. 
Beads conjugated with anti-Flag antibodies were incubated with extract for 3h 
with constant rotation, followed by four washes with buffer H (BH)/0.15 (25 mM 
HEPES pH 8.0, 2mM MgCh, 0.1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.1% 
NP-40, 150 mM KCl, 15% glycerol) containing protease inhibitors, phosphatase 
inhibitors and 2 mM dithiothreitol (DTT). Beads were further washed twice with 
BH/0.15 with protease inhibitors. Associated proteins were eluted from the beads 
by gentle agitation of beads in elution buffer (0.5 mg ml! 3Flag peptide in BH/ 
0.15 with protease inhibitors) for 25 min at room temperature. A typical concen- 
tration of Dsn1-Flag or Dsn1—His-Flag was ~4 tg ml! (60 nM) as determined 
by comparing the purified material with BSA standards on silver-stained SDS- 
PAGE gels. Similar results were obtained using SYPRO Ruby dye. Aliquots were 
made and stored at —80 °C. Typically, 2] of asynchronously growing culture were 
used for microtubule-binding experiments, 241 of mitotic culture for S-500 gel 
filtration experiments. Based on silver-stained SDS-PAGE, the composition of the 
kinetochore particles purified from mitotically arrested cells does not differ detectably 
from particles purified from asynchronous cultures. This finding is consistent with 
the observation that budding yeast kinetochores bind microtubules throughout most 
of the cell cycle**’. To identify co-purifying proteins, associated proteins were eluted 
with detergent and analysed by mass spectrometry as described". 

Protein and immunological techniques. Immunoblotting was performed as 
described’*. Anti-Spc105 (1-266 amino acid) polyclonal antibodies were raised 
and affinity purified using pSB1643 (GST-N-Spc105) as previously described** 
and used at a 1:1,000 dilution. Anti-Flag antibodies (Sigma-Aldrich) were used 
at 1:3,000 and anti-Cse4 antibodies at 1:500 (ref. 34). Anti- Ndc80 (OD4, 1:10,000), 


anti-Ndcl10 (OD1, 1:5,000), anti-Mif2 (OD2, 1:6,000), and anti-Ctf19 (OD10, 
1:15,000) antibodies were generous gifts from A. Desai‘. To compare microtubule 
binding activity between different kinetochore mutants, the concentration of 
Dsn1-Flag was normalized by quantifying its signal intensity using the Odyssey 
infrared imaging system (Li Cor Bioscience). Silver-staining was performed on 
4—12% NuPAGE Novex Bis-Tris gels (Invitrogen) using a SilverQuest silver-staining 
kit according to instructions (Invitrogen). Size-exclusion chromatography was 
carried out on a Sephacryl S-500 HR column (Amersham) equilibrated in BH/ 
0.15 at 4 °C. Estimation of Stokes radii was obtained using a high-molecular weight 
calibration kit (Bio-Rad) and the void volume of the column was determined using 
500 nm polystyrene beads (Polysciences). 

TIRF microscopy. We used a custom TIRF microscope and flow cell preparation 
that has been previously described'®'**”. After an initial rinse with 0.3 ml double 
distilled HO, ‘rigor’ kinesin** diluted in BRB80 (80 mM PIPES, 1mM MgCh, 
1mM EGTA at pH 6.9) containing 1 mg ml ' «-casein and 10 uM taxol (BCT) 
was introduced and allowed to bind for 5 min. Unbound kinesin was removed with 
100 pl BCT, and Alexa 647-labelled taxol microtubules diluted in BCT plus oxygen 
scavengers (BCTscavs; 200 pg ml glucose oxidase, 25 mM glucose, 35 1g ml! 
catalase and 5mM DTT) were introduced and allowed to bind to the desired 
density. Flow cells were then washed with 50 til BCTscavs, and fluorescent kine- 
tochore particles (diluted in BCTscavs) were introduced and given 5 min to bind. 

For experiments using dynamic microtubules, Alexa 647-labelled GMPCPP 

(guanylyl-(alpha,beta)-methylene-diphosphonate) microtubules were bound to 
coverslip-adsorbed rigor kinesin, washed with 50ul warm growth buffer 
(BRB80, 1mgml k-casein, 1mM GTP, 200 pg ml ! glucose oxidase, 25 mM 
glucose, 351g ml’ catalase and 5mM DTT) and then incubated with growth 
buffer supplemented with 2mgml | Alexa 647 tubulin (1% labelled) and fluor- 
escent kinetochore particles. Dynamic extensions were grown for ~5 min at 30 °C, 
after which depolymerization was triggered by exchanging for tubulin-free buffer. 
Assay for bead binding to taxol-stabilized microtubules. Purified Dsn1-His- 
Flag kinetochore particles were diluted in BRB80 plus 1mgml’ K-casein and 
linked to polystyrene beads via biotinylated anti-penta-His antibody, essentially as 
described in ref. 16. Flow cells (described in ref. 19) were treated with taxol- 
stabilized microtubules, which non-specifically adsorb to the coverslip surface, 
and then blocked with BCT for 10 min before the introduction of kinetochore 
particle-coated beads. After a 10 min incubation to allow for binding, the flow cells 
were imaged in DIC and the number of microtubule-bound beads per field of view 
was counted. Binding was negligible (2 beads in 150 fields) in negative controls using 
beads lacking the anti-penta-His antibody, prepared with wild-type kinetochore 
material at an equivalent Dsn1:bead ratio (100:1). 
Constant-force laser trap assays. To determine if bead-bound kinetochore particles 
can couple physiologically relevant forces to dynamic microtubule tips, we used a 
laser trapping-based motility assay'®**. Dynamic microtubule extensions were 
grown from coverslip-anchored GMPCPP-stabilized microtubule seeds in a buffer 
consisting of BRB80, 1 mg ml! «-casein, 1 mM GTP, 250 ug ml a glucose oxidase, 
25 mM glucose, 30 jg ml ' catalase, 1 mM DTT and 1.5mgml ' purified bovine 
brain tubulin. Assays were performed at 23 °C. 

The laser trap has been described previously’’. Position sensor response was 
mapped using the piezo stage to raster-scan a stuck bead through the beam, and 
trap stiffness was calibrated along the two principle axes using the drag force, 
equipartition and power spectrum methods. Force feedback was implemented with 
custom Lab View software. During clamping of the force, bead-trap separation was 
sampled at 40 kHz while stage position was updated at 50 Hz to maintain the desired 
load. Bead and stage position data were decimated to 200 Hz before storing to disk. 

All the wild-type kinetochore particle data shown in Figs 3a, 4 and Supplemen- 
tary Fig. 9 were recorded using beads prepared at a Dsn1:bead ratio of 200:1 (1.2 nM 
Dsn1-His-Flag, 5.6 pM beads), well below the single particle limit. The statistics for 
kinetochore particles presented in Supplementary Fig. 9a, b were calculated from a 
set of 40 individual events, lasting a total of 11.5h, during which the particles were 
subjected to a constant tensile force of 1.9 + 0.4pN (mean + s.d.). Event duration 
and travel distance were computed from the instant an attachment was fully loaded 
until the event ended, often due to bead detachment but sometimes for other 
reasons (for example, when another bead fell into the trap). All individual event 
durations and travel distances were averaged, irrespective of how the events ended. 

The data for wild-type particles in Fig. 4a and 4c—e were calculated from a set of 
170 individual events, lasting a total of 42.5h, during which the kinetochore 
particles were subjected to constant tensile forces between 0.3 and 18 pN. This 
data set included all events used for Fig. 3a and Supplementary Fig. 9, plus an 
additional 130 events recorded to investigate microtubule dynamics and attach- 
ment lifetimes as functions of force. Lifetimes (Fig. 4a) were computed by summing 
the total time of all events in a given force range and dividing by the number of 
detachments in that range. Rates of detachment during assembly (Fig. 4c, red) and 
catastrophe (Fig. 4d, red) were computed by counting the numbers of these events 
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in a given force range and dividing by the total assembly time in that range. 
Likewise, rates of detachment during disassembly (Fig. 4c, blue) and rescue 
(Fig. 4d, blue) were computed by counting events and dividing by the total dis- 
assembly time in each force range. 

Rupture force measurements. Beads were prepared with kinetochore material at 
molar ratios ranging from 100 to 10,000 Dsn1 molecules per bead. Individual 
beads were attached to the ends of growing microtubules and preloaded with a 
constant tension of 1.1 + 0.1 pN for the dad1-1 mutants, or 3.8 + 0.2 pN for the 
wild-type kinetochore particles. The laser trap was programmed to subsequently 
ramp the force at a defined rate (0.25 pNs_') until the linkage ruptured or the load 
limit of the trap was reached (20 pN) and the bead escaped from the trap. At all but 
the highest densities of kinetochore material (that is, below 60 nM Dsn1-His- 
Flag), a small fraction (~14%) of the beads escaped the trap. Escape was ~three- 
fold more likely at 60 nM Dsn1-His-Flag, suggesting that load might be shared by 
multiple particles at high densities. Note that for the Poisson probability curve in 
Fig. 4c, the fitting parameter ) accounts for both the number of Dsn1 molecules 
per particle and the proportion of particles that are geometrically inaccessible to 
the microtubule, or otherwise inactive. 
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Cell adhesions to the extracellular matrix (ECM) are necessary for 
morphogenesis, immunity and wound healing*’. Focal adhesions 
are multifunctional organelles that mediate cell-ECM adhesion, 
force transmission, cytoskeletal regulation and signalling’’. 
Focal adhesions consist of a complex network* of trans-plasma- 
membrane integrins and cytoplasmic proteins that form a <200- 
nm plaque”® linking the ECM to the actin cytoskeleton. The com- 
plexity of focal adhesion composition and dynamics implicate an 
intricate molecular machine”*. However, focal adhesion molecular 
architecture remains unknown. Here we used three-dimensional 
super-resolution fluorescence microscopy (interferometric photo- 
activated localization microscopy)’ to map nanoscale protein 
organization in focal adhesions. Our results reveal that integrins 
and actin are vertically separated by a ~40-nm focal adhesion core 
region consisting of multiple protein-specific strata: a membrane- 
apposed integrin signalling layer containing integrin cytoplasmic 
tails, focal adhesion kinase and paxillin; an intermediate force- 
transduction layer containing talin and vinculin; and an upper- 
most actin-regulatory layer containing zyxin, vasodilator-stimulated 
phosphoprotein and a-actinin. By localizing amino- and carboxy- 
terminally tagged talins, we reveal talin’s polarized orientation, 
indicative of a role in organizing the focal adhesion strata. The 
composite multilaminar protein architecture provides a molecular 
blueprint for understanding focal adhesion functions. 

Modern understanding of cellular function is founded on the revolu- 
tion in the 1950s to 1970s in visualizing cellular ultrastructure by elec- 
tron microscopy'®"’. Together with the identification of molecular 
components and their interactions, this has allowed biophysical mech- 
anistic models for organelles such as the actin and microtubule cytos- 
keletons or the endomembrane transport machinery’*’*. In contrast, 
although there is a wealth of knowledge on the composition, inter- 
actions and dynamics of integrin-based focal adhesions, their ultra- 
structure remains poorly defined. No discernible protein organization 
pattern has been observed experimentally, either by immunoelectron 
microscopy® or by two-dimensional super-resolution light micro- 
scopy’®. Thus, it is unclear whether focal adhesions are structurally 
unorganized, or if the relevant structural organization is in the third 
dimension. Although many cartoon models of focal adhesion protein 
organization have been proposed based on in vitro protein-protein 
interaction data'”, true spatial architecture at the ultrastructural level 
has been impossible to infer. Thus, a mechanistic understanding of 
focal adhesion function has remained elusive. 

To define focal adhesion molecular architecture, we sought to map the 
nanoscale organization of focal adhesion proteins. This capability has 
recently been enabled by advances in super-resolution light microscopy 
(reviewed in ref. 17). We used iPALM”, which combines photoactivated 
localization microscopy'* with simultaneous multi-phase interfero- 
metry of photons from each fluorescent molecule, to image a high den- 
sity of specific fluorescence-tagged molecules with three-dimensional 


nanoscale resolution (Supplementary Fig. 1). We constructed imaging 
probes with photoactivatable fluorescent proteins (PA-FP, tandem- 
dimer Eos’? or monomeric Eos2”°) fused to focal adhesion proteins, 
and expressed them in human osteosarcoma (U2O$S; Figs 1-3 and 
Supplementary Figs 1-8 and 11-19) or mouse embryonic fibroblast 
(MEF; Supplementary Fig. 10) cells plated on fibronectin-coated cover- 
glasses. With iPALM, PA-FP brightness allows localization accuracy of 
typically 20 nm (full-width at half-maximum) or better in lateral (xy) 
dimensions'*, and 10-15 nm in the vertical (z) axis’. 

We first determined the vertical position of the ventral plasma 
membrane as a reference point for comparative localization with focal 
adhesion proteins, using PA-FP targeted to the cytoplasmic face of the 
plasma membrane via fusion with CAAX sequence. The localizations 
are represented by iPALM rendering (Fig. 1a) with colours indicating 
the vertical (z) coordinate relative to the coverglass surface (z = 0 nm). 
Focal adhesions near the cell edge appear as yellow regions where the 
membrane most closely approaches the substrate, with the ventral 
plasma membrane contour reflected by the colour gradient. 
Figure 1c shows the side-view (xz) projection of a focal adhesion area 
(red box, Fig. 1a), with the leading-edge plasma membrane also apparent. 
To quantify the localizations in the focal adhesion area (Fig. 1a, white 
box), vertical coordinate histograms (Fig. 1b) were fitted by a Gaussian 
with the centre (Zcentre) and the width (0,.,4, the standard deviation of 
the distribution) shown. The width parameter oy, of ~5 nm demon- 
strates the spatial resolution, with the positional uncertainty 
contributed by both the PA-FP brightness limitations'* and the 
probe size (~4-5nm for the PA-FP plus a 25-amino-acid linker). 
The inner plasma membrane Zcentre of ~32 nm from the coverglass 
surface is in good agreement with previous measurements by electron 
and interference reflection microscopy’*. 

We next used iPALM to determine the three-dimensional locali- 
zation of integrin cytoplasmic tails which serve as recruiting sites for 
focal adhesion proteins. We co-expressed integrin «, PA-FP fusion with 
untagged integrin 3 to form integrin a,B3, a fibronectin receptor 
(Fig. 1d). The vertical position histogram and side-view projection 
are shown in Fig. le. The Zcentre aNd Gyert for focal adhesion regions 
from several cells were quantified, yielding average Zcentre = 36.8 + 4.5 
nm and average Over = 7.2 + 1.8 nm (Fig. 4a, b and Supplementary 
Table 1), indicating a tightly confined integrin «, C-terminal position 
(Supplementary Fig. 6) close to the inner plasma membrane as 
expected’, 

To determine the vertical position of actin filaments which link to 
focal adhesions at stress fibre termini, we performed iPALM with an 
actin PA-FP probe and analysed focal adhesion regions near the cell 
edge. In contrast to the integrin localizations, this revealed a broader 
(average Oye = 31.0 + 8.7 nm) and significantly higher vertical distri- 
bution for actin, peaking at average Zcentre of 96.9 + 15.2 nm (Figs 1f, g 
and 4a, b and Supplementary Table 1), and which was separated from 
the plasma membrane by a ~40-nm region containing low actin density. 
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Figure 1 | iPALM imaging of a plasma membrane marker, integrin 0, and 
actin. a-c, Plasma membrane marker CAAX-tdEos. a, Top view; b, histogram 
and Gaussian fits for the z positions (white box in a) of PA-FP molecules (red) 
and nonspecific fluorescence adsorbed to substrate (blue); c, side view (red box 
ina). d, e, Integrin «,-tdEos. d, Top view; e, side view (right), histogram and fits 


The observed lack of integrin—actin physical overlap in focal adhesions is 
consistent with the absence of their binding interactions in vitro’”, and 
stresses the importance of a ‘focal adhesion core’ domain bridging this 
gap. 

Wenext sought to determine the nanoscale protein organization within 
the focal adhesion core domain. We imaged PA-FP fusions of key focal 
adhesion proteins representing three functional categories: integrin- 
mediated signalling (focal adhesion kinase (FAK), paxillin); cytoskeletal 
adaptors (vinculin, zyxin); and actin-regulatory proteins (vasodilator- 
stimulated phosphoprotein (VASP), o-actinin)'*. Remarkably, we 
observed that each protein occupied a distinct and characteristic ver- 
tical position within focal adhesions, apparent from their different 
colours in iPALM images (Fig. 2) and statistics of their vertical locali- 
zations (Fig. 4a, b and Supplementary Table 1). 

We found that FAK and paxillin were both confined to a narrow 
plane at average Zcentre of 36.0 + 4.7 nm and 43.1 + 6.1 nm, with average 
Overt Of 10.0 + 2.5nm and 8.6 + 2.8nm, respectively (Figs 2a—d and 
4a, b). In response to integrin engagement, FAK phosphorylates tyro- 
sine residues on several focal adhesion proteins” including paxillin, a 
key focal adhesion adaptor protein”. On the basis of their membrane 
proximity and signalling-related functions, these proteins may comprise 
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(left). £ g, Actin-mEos2. f, Top view; g, side view (right), histograms and fits 
(left). The vertical distribution of actin is non-Gaussian, so the focal adhesion 
peak fit is not shown. Colours in a, c-g indicate the vertical (z) coordinate 
relative to the substrate (z = 0 nm, red). Scale bars: 500 nm (¢, e, g). 


a signalling/adaptor subcompartment of the focal adhesion core, orga- 
nized by clustered integrins. 

In contrast to the membrane-apposed position of integrin signalling 
proteins, other proteins were localized to distinctly higher vertical posi- 
tions. The peak of vinculin distribution (average Zcentre = 53.7 + 5.5 nm, 
Overt = 13.1 + 3.9 nm) coincided with the lower boundary of actin den- 
sity (Figs 1g and 2f and Supplementary Figs 7, 8 and 14). Vinculin is 
believed to have a role in reinforcing the connection between ECM and 
actin’*. Our results indicate that roughly half the vinculin molecules in 
focal adhesions may overlap with actin whereas the remainder reside 
lower in the focal adhesion core, positioning vinculin at a key site for 
regulating force transmission within focal adhesions. On the other 
hand, zyxin and VASP localized to higher vertical positions, overlapping 
to a greater degree with actin (zyxin: average Zcentre = 73.2 + 8.8 nm, 
Overt = 17.5 + 3.5nm; VASP: average Zcentre = 80.5 + 11.6 nm, Overt = 
23.4+ 4.5 nm). Their similar vertical localizations and overlaps with 
the lower actin boundary are consistent with their cooperative role in 
actin assembly regulation”. Although o-actinin was present in lamelli- 
podia (Fig. 2k and Supplementary Fig. 17), it was virtually excluded 
from the focal adhesion core (Fig. 21; average Zcentre = 103.9 + 14.6 nm, 
Overt = 22.8 + 5.1 nm) but overlapped fully with actin localizations, 
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Figure 2 | Protein stratification of the focal adhesion core. Top view and side 
view iPALM images of focal adhesions (white boxes, top-view panels) and 
corresponding z histograms and fits. a, b, FAK-tdEos; ¢, d, paxillin-tdEos; 
e, f, vinculin-tdEos; g, h, zyxin-mEos2; i, j, VASP-mEos2; k, 1, o-actinin- 
mEos2. The vertical distribution of «-actinin is non-Gaussian, so the focal 


exhibiting a tapered cross-section profile similar to that of actin stress 
fibres (Fig. 1 f, g and Supplementary Figs 7 and 8). This supports a role 
for ot-actinin in actin organization at focal adhesions. The lack of overlap 
between «-actinin and integrin indicates that their interaction’** may 
only be transient or regulatory in vivo. Taken together, our results reveal 
the presence of protein-specific strata making up the focal adhesion 
core, bridging the ~40-nm gap between the integrin cytoplasmic tails 
and the actin cytoskeleton. 

Importantly, we found that the vertical distributions for each focal 
adhesion component were highly consistent across focal adhesions of 
diverse size and shape that arise from the continual and asynchronous 
focal adhesion assembly and maturation occurring in the cell popu- 
lation (Fig. 4a—c and Supplementary Fig. 9). The vertical positions for 
each focal adhesion component were uncorrelated with the area and 
morphology (aspect ratio) of focal adhesions, and were also similar 
between U2OS and MEF cells (Supplementary Figs 9 and 10). This 
suggests that the observed stratification of focal adhesion proteins 
represents a cell-type-independent organizing principle that persists 
throughout focal adhesion maturation stages. 
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adhesion peak fit is not shown. Paxillin and «-actinin shown are C-terminal 
PA-FP-tagged (N-terminal fusions in Supplementary Figs 21 and 22). Colours: 
vertical (z) coordinate relative to the substrate (z = 0 nm, red). Scale bars: 5 um 
(a, ¢, e, g, i, k) and 500 nm (b, d, f, h, j, 1). 


To address the origin of the protein-specific stratified architecture of 
focal adhesions, we explored the localization and orientation of talin by 
iPALM. Talin is a large (270-kDa) protein implicated in the initiation 
of integrin-mediated adhesion and transmission of force between 
integrin and actin, and which possesses multiple binding sites for focal 
adhesion proteins including integrin, FAK, paxillin, vinculin and 
actin’®. We thus hypothesized that talin could form tethers that span 
the integrin-actin gap, thereby serving as a vertically oriented scaffold 
for the stratified focal adhesion core. To test this, we compared iPALM 
analyses of talin tagged with PA-FP probes at different sites (Fig. 3a). 
Both N- and C-terminally tagged talin PA-FP fusions dimerized with 
endogenous talin and localized to focal adhesions (Supplementary Figs 
5 and 20). Imaging talin with the PA-FP probe at the N terminus (talin- 
N, Fig. 3a) revealed a narrow distribution close to the plasma mem- 
brane and similar in position to FAK, paxillin and integrin «, (Fig. 3b, 
C; average Zcentre = 42.8 + 3.8 nm; average Over, = 9.8 + 2.4nm). We 
next probed talin tail position using a C-terminal PA-FP fusion, 
talin-C, and observed a distinctly different distribution from talin-N 
(average Zcentre = 76.7 + 10.6nm; average yer, = 15.7 + 3.8nm; 
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Figure 3 | Talin orientation in focal adhesions. a, Schematic diagram, with 
important domains and binding sites indicated for Talin PA-FP fusions 
(FERM, protein 4.1, ezrin, radixin, moesin domain; VBS, vinculin binding 
sequence; IBS, integrin binding site). Talin-N, N-terminal fusion; Talin-C, 
C-terminal fusion (Supplementary Table 3). b-f, Top view and side view 
iPALM images of focal adhesions (white boxes, top-view panels) and 
corresponding z histograms and fits for talin-N-tdEos (b, c) and talin-C-tdEos 
(d-f). Colours: vertical (z) coordinate relative to the substrate (z = 0 nm, red). 
Scale bars: 5 um (b, d) and 500 nm (c, e, f). 


Fig. 3d-f), indicating a highly polarized orientation of talin, with the 
tail vertically displaced by at least 30 nm from the head. The talin tail 
position also substantially overlapped with those of zyxin, VASP, 
a-actinin and actin. Although integrin and actin binding sites have 
been identified throughout the length of talin’®, our results indicate 
that the integrin binding site in the N-terminal head and the 
C-terminal THATCH domain actin-binding site are the structurally 
relevant sites in focal adhesions. This is supported by iPALM analyses 
of talin fragments, which revealed membrane-proximal and upper 
localizations for the PA-FP-tagged head and THATCH domains, 
respectively (Supplementary Fig. 11). In contrast to the polarized talin 
orientation, we were unable to detect vertical polarizations for paxillin 
or a-actinin PA-FP tagged at either the N or C termini (Fig. 4c and 
Supplementary Figs 21 and 22). Together with the ~50-60 nm in vitro 
dimension of talin”®, our results indicate that talins are organized into 
arrays of elongated molecular tethers that diagonally span the stratified 
focal adhesion core. 

Our results demonstrate that focal adhesions possess a surprisingly 
well-organized molecular architecture in which integrins and actin are 
separated by a ~40-nm focal adhesion core region that contains mul- 
tiple partially overlapping protein-specific strata. The stratification 
probably arises from spatial constraints in protein-protein inter- 
actions, but once formed may also impose spatial constraints on protein 
dynamics within focal adhesions. For example, distribution overlaps 
between given proteins in a focal adhesion should increase the fre- 
quency and duration of their interactions, whereas the lack of overlap 
indicates that the interactions may be transient or have no direct struc- 
tural role. Partial overlaps between proteins as well as the width of the 
protein distributions in focal adhesions may also reflect heterogeneity in 
protein-protein binding interactions. The focal adhesion protein 
organization indicates a composite multilaminar architecture made 
up of at least three spatial and functional compartments that mediate 
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Figure 4 | Nanoscale architecture of focal adhesions. a, b, Peak position 
(Zcentre) (a) and width parameter (0,¢,) (b) of PA-FP fusions in focal adhesions. 
Notched boxes, Ist and 3rd quartiles, median and confidence interval; whiskers, 
5th and 95th percentiles; +, means, outliers also shown. (See also 
Supplementary Table 1.) ¢, Zcentre protein positions (nm) versus focal adhesion 
area (um?) or aspect ratio for both N- (red) or C- (blue) terminal fusions of 
talin, paxillin and «-actinin. Each point corresponds to individual focal 
adhesion measurements. d, Schematic model of focal adhesion molecular 
architecture, depicting experimentally determined protein positions. Note that 
the model does not depict protein stoichiometry. 


the interdependent functions of focal adhesions: an integrin signalling 
layer, a force transduction layer, and an actin regulatory layer (Fig. 4d). 
FAK and paxillin represent a membrane-proximal integrin signalling 
layer of the focal adhesion core that probably relays integrin-ECM 
engagement into signalling cascades that control adhesion dynamics 
and gene transcription’). Talin and vinculin are observed in the 
broader central zone, with talin organized into arrays of diagonally 
oriented tethers that probably link integrin to actin directly. The distri- 
bution of vinculin is consistent with its binding to sites along talin rod 
domain and actin, which may serve to buttress the integrin-talin—actin 
linkages. Talin and vinculin have been implicated as regulatable force 
transmission links between actin and integrins*’’’. Their positions 
together thus define the force-transduction layer, signifying a structural 
basis for the ‘molecular clutch’””””* machinery. Finally, the similar ver- 
tical localizations of VASP, zyxin and actin filament termini in the 
uppermost region indicate that a VASP-zyxin complex may comprise 
an actin regulatory layer involved in focal adhesion strengthening via 
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actin-barbed-end assembly and stress-fibre enlargement”. «-Actinin 
appears to localize predominantly along the actin stress fibres where 
it may mediate their formation through actin filament cross-linking 
activity’. 

The observed molecular architecture also indicates how mechanical 
force may be essential for focal adhesion formation and main- 
tenance’. The diagonal talin orientation could arise from actomyosin 
pulling of the talin tails relative to the integrin-bound talin heads, with 
the resulting intramolecular tension straightening or stretching the 
talin. Subsequently, distinct sites along the length of talin may serve 
as spatial templates giving rise to the observed protein-specific strati- 
fication in focal adhesions. Further stretching of talin is also indicated 
in iPALM images of some focal adhesions (Fig. 3d, f), where a fraction 
of talin-C localizations extend significantly upward in the proximal 
end of focal adhesions, implying a head-to-tail length greater than the 
nominal talin length of 50-60 nm. Stretching of talin rod fragment has 
been shown to unmask cryptic vinculin binding sites”, consistent with 
the observed talin and vinculin positions. Thus, via stretch-induced 
recruitment, talin may effectively serve as a molecular ruler that specifies 
focal adhesion molecular architecture. 


t?4 


METHODS SUMMARY 

iPALM imaging. The principle and instrumentation for iPALM were described 
previously’ (see also Supplementary Fig. 1 and Supplementary Note 1). Gold 
nanoparticles (80-100 nm) immobilized to the coverglass were used as fiducials 
for calibration and drift correction. The vertical coordinate calibration was per- 
formed before each cell was imaged. For each cell, 25,000-75,000 image triplets 
were acquired, with 50 ms per frame exposure time, yielding ~10° localizations. 
Vertical coordinates relative to the coverglass surface are indicated by a colour 
scale from red to purple (z = 0-150 nm). All side-view panels are shown with 
similar vertical scale and oriented with the nearest cell edge to the left. 

Cell culture and fluorescent protein constructs. PA-FP protein fusions were 
constructed with green-to-red photoconvertible fluorescent protein, tandem- 
dimer Eos (tdEos)'° or monomeric Eos2 (mEos2)”° fused to focal adhesion proteins 
via short linkers (Supplementary Table 3 and Supplementary Note 3). Fusion 
proteins were expressed in U2OS or MEF cells sparsely plated on fibronectin- 
coated, fiducialed coverglasses, and fixed for imaging ~18h after re-plating. 
Analysis of protein positions. The histogram of vertical localization coordinates 
was calculated for each focal adhesion region. The local z = 0 nm level was defined 
by nonspecific fluorescence from the media that adsorbed to the coverglass, and 
was used to account for sample tilt. The centre positions (Zcentre) and width 
parameter (Gye;,) were calculated from Gaussian fits or from the first and second 
moment of the distributions for non-Gaussian cases such as actin and «-actinin. 
For more detailed information see Methods and Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Preparation of fiducialed coverglasses for cell culture. Fluorescent fiducials are 
critical for iPALM because they provide a constant internal reference for calibration, 
tracking and spatial drift correction. As described previously’, we use the plasmonic 
emission’' from 80 to 100 nm gold (Au) nanoparticles sparsely adsorbed (~2,000 
per mm”) to the coverglass surface and immobilized by 30-50 nm of sputtered SiO}. 
Although gold nanoparticles can be added after cell attachment, their rigid immobi- 
lization is critical for high localization accuracy, and additionally allows optimiza- 
tion of proper fiducial density before cell culture. Fiducialed coverglasses were 
ultraviolet-sterilized (15 min), rinsed with Dulbecco’s phosphate buffered saline 
(DPBS, Invitrogen), incubated at 4°C overnight with 10g ml * (U2OS) or 1 pg 
ml! (MEE) human plasma fibronectin (FC010-5MG, Chemicon International), 
and incubated with 1% heat-inactivated bovine serum albumin (A3059, Sigma) (1h, 
37 °C) before a final rinse with DPBS. 

Cell culture and imaging sample preparation. U2OS (human osteosarcoma) cells 
were cultured in supplemented McCoy5A media (10% fetal bovine serum (FBS), 
2mM glutamine, and 100unitsml' of penicillin/streptomycin, Invitrogen). 
Mouse embryonic fibroblast (MEF) cells were cultured in supplemented DMEM 
media (10% FBS, 2 mM glutamine and 100 units ml! of penicillin/streptomycin). 
Cells were transfected by nucleofection with endotoxin-free expression vector 
DNA (U20S, ~0.2-1 pg per ~1 X 10° cells; MEF, 5-6 lig per ~2-3 X 10° cells) 
per the manufacturer’s protocol (Lonza). Transfected cells were cultured over- 
night, replated onto fiducialed coverglasses, and incubated at 37°C, 5% COp. 
Cells were replated at a sparse density of ~60-100cellsmm ~ and fixed for 
imaging ~18 h after replating. At 18 h, most focal adhesions have not transformed 
into fibrillar adhesions, which are associated with fibronectin bundles that would 
affect the measurement of protein position relative to the substrate. Phenol-red 
free media was used to minimize background fluorescence. Cells were fixed with 
2% paraformaldehyde and imaged in PHEM buffer (PIPES 60 mM, HEPES 
25mM, EGTA 10mM, MgCl, 2mM, pH6.9). Imaging chambers (thickness 
~10 1m) were assembled from the 18-mm cell-containing fiducialed coverglass 
and a 25-mm coverglass and sealed with 5-min epoxy (ITW Performance 
Polymers) and vaseline (Unilever). We imaged focal-adhesion-containing lamella 
areas, typically no greater than 15-20 tum from the cell edge, that also contained 
several fiducials for calibration and drift correction. 

iPALM data acquisition and image processing. Imaging samples prepared as 
described above were mounted onto a piezo-electric-equipped sample holder. The 
optical configuration is described in Supplementary Note 1. Both top and bottom 
objectives were brought into focus and aligned using the images of the gold 
fiducials immobilized on the coverglass. The z-positions of the gold fiducials were 
determined and optimized for proper focus and interference modulation. This was 
carried out by piezo-based fine tuning of beamsplitter and mirror positions, while 
monitoring the z-calibration curve as described in detail below. Once the sample 
was in good initial alignment, the sample was translated laterally to find suitable 
cells for imaging. We imaged low-level expressing cells to avoid biological over- 
expression artefacts and to minimize background that can contribute to lower 
localization accuracy. 

Once cells were located, the setup was fine-tuned until a z-calibration curve with 
an optimal modulation was attained and recorded. Key steps for the calibration are 
illustrated in Supplementary Fig. 1, with the fiducial positions shown in Sup- 
plementary Fig. 1c (inset: summed raw intensity data for calibration sets; main: 
iPALM image, note that fiducials are not prominent because the render program 
treats each fiducial as a single particle). The z-calibration data set was measured at 
8-nm intervals as the sample was translated along the z-axis using piezo-electric 
translation stages (Physik Instrumente). This resulted in an intensity modulation 
between the three cameras due to interferometric effect’, as shown in Supplemen- 
tary Fig. 1d for fiducial F1. To align the three-camera triplet of images for analysis, 
the coordinates of multiple fiducials were determined for each camera, using one 
camera image as reference. The similarity transformations for two other cameras 
with respect to the reference camera were determined using linear regression, and 
applied to the respective camera images to align them to the reference. 

To extract calibration parameters, each of the molecule images in each frame of 
the triplet series was fit to a two-dimensional Gaussian, yielding Gaussian ampli- 
tudes I,(z), where k = 1, 2, 3, as plotted in Supplementary Fig. 1d for fiducial F1. 
Then a least square fit was used to determine the dependence of these amplitudes 
on z-coordinate according to the equation: 


Ax sin(wz +9,) + By 
1+(z/D)* 
This yielded a set of z-calibration coefficients: w, D, Aj, Pj By k = 1,2, 3. The variable 


Din the denominator accounts for focal envelope function. A calibration curve and 
coefficients extracted for fiducial F1 are shown in Supplementary Fig. 1d, e. 


, k=1,2,3 (1) 
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Subsequently, we applied Newton’s method” to extract the z-coordinate of each 
fluorescent molecule or fiducial. This method finds a value of molecular z-coordinate 
by minimizing the difference between the intensities calculated by equation (1) using 
the calibration parameters (for example, Supplementary Fig. le) and the measured 
two-dimensional Gaussian amplitudes from the data triplet. Performing this pro- 
cedure on the calibration set also provides a check for calibration quality and con- 
sistency, as shown in Supplementary Fig. 1f, where the extracted z position 
(diamonds) for fiducials F1-4 are compared to the actual sample z position (solid 
lines). 

During the main acquisition sequences, each frame triplet contained images of a 
few individual fluorescent proteins that emitted during each frame imaging inter- 
val. The activation power (405 nm) was adjusted so that these individual fluor- 
escent proteins were sparsely distributed and their images did not overlap. The 
localization procedure consisted of the following steps: (1) the individual camera 
images were aligned by applying the similarity transformations determined from 
previously recorded images of multiple fiducials in each camera, as described 
above; (2) these three aligned images of each fluorescent particle from a given 
frame triplet were added together to form a sum image; (3) the fluorescent particle 
in each sum image was fit to a two-dimensional Gaussian by nonlinear least- 
square fitting to obtain x and y coordinates; (4) each individual camera image 
in the triplet was also fit to a two-dimensional Gaussian, yielding amplitudes I, 
k = 1, 2, 3, which were used to extract the z-coordinate of each fluorescent mole- 
cule from equation (1) and the calibration parameters, using Newton’s method as 
described above. The refractive index difference between the calibration data 
(when the sample was translated, the varying path-length difference between 
the two arms is in immersion oil, n ~1.52) and main acquisition (sample was 
stationary, n ~1.40 for cell) was accounted for by applying appropriate linear 
scaling. (5) Sample drift was corrected using the fiducial localizations. Lateral 
sample drift during all measurements was significantly lower than the lateral 
localization accuracy, which was typically ~20 nm full-width at half-maximum. 
The vertical (z-coordinate) sample drift in all measurements varied between 10 nm 
and 50 nm over the course of the measurements. The vertical drift was traced by 
determining in each frame the z-position of the same gold fiducials as were used 
for z-calibration. This drift was then subtracted from z-coordinates of all fluor- 
escent particles. The residual z-coordinate uncertainty was typically less than 
5nm. 

Typical measurements consisted of 25,000-75,000 image triplets (Supplemen- 
tary Table 4) with the exposure time of 50 ms per frame; the 5-30-ms activation 
pulses were transmitted between the excitation pulses. Imaging parameters for 
iPALM data sets are summarized in Supplementary Table 4. Data acquisition was 
carried out using software written in LABVIEW (National Instruments). Data 
analysis and image processing was performed using software written in IDL 
(ITT Visual Information Solutions) and run on a Linux computational cluster 
at HHMI Janelia Farm Research Campus. 

As described previously’, iPALM images were rendered from the processed list 
of three-dimensional molecular coordinates: the position and localization uncer- 
tainty of each localization is represented by a normalized two-dimensional 
Gaussian, whose width is proportional to localization uncertainty. Note that the 
lists of molecular coordinates were used for quantitative analysis, rather than the 
rendered images. For top-view (x, y) images, each molecule was represented by a 
normalized two-dimensional Gaussian. The width of the Gaussian is the positional 
uncertainties (¢,, ¢,) of the calculated x, y position as described previously*’. The 
z-coordinate is encoded by colour. For side-view images, the molecule was also 
rendered by a normalized two-dimensional Gaussian, but with the vertical width 
corresponding to @,, the vertical uncertainty. Because the vertical (z) resolution is 
~2 times better than xy, 6, is also ~2 times smaller. A gamma of 0.5 (top view) 
and 0.75 (side view) was used to compress the tonal range of iPALM images to 
within the dynamic range of print and computer monitor. 

A single colour scheme was used from red to purple, covering the range from 
z=0nmtoz= 150nm, where features within focal adhesions are seen. The same 
colour scheme was also used for side-view (xz) or (yz) image. Typically, the raw 
processed coordinates exhibited a minor tilt of <30-50 nm over the image field of 
~50 uum across, due to sample tilt or optical alignments. These were corrected by 
simple coordinate rotation to achieve a flat vertical substrate level, which was set to 
z=0Onm for the z-colour-coded image rendering. For quantification of focal 
adhesion areas, local background level was used to control for long-range varia- 
tions as described below. 

Analysis of protein distributions in focal adhesions: Zcentre ANd Fyere Calcula- 
tion. iPALM localization data records both the fluorescent molecules localized 
within the focal adhesions as well as molecules in the cytoplasmic fraction and 
autofluorescent molecules inside and outside the cells. To quantify the spatial 
distribution of the proteins specifically residing within individual focal adhesion 
regions, we created binary region masks from top-view iPALM images, as depicted 
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in Supplementary Fig. 3. These areas covered the focal adhesion and immediately 
surrounding space, primarily for the quantification of the local substrate back- 
ground level. A program written in Java as an Image] (NIH) plug-in was used to 
export the three-dimensional molecular coordinates for each region into separate 
files, which were subsequently analysed using a program written in LABVIEW. A 
histogram of vertical positions was calculated with 1-nm bins. The centre vertical 
positions (Zcentre) and width parameter (standard deviation of the vertical coordinate 
distributions, oye, which relates to full-width at half-maximum (FWHM) by: 
FWHM = 2.35d,ye,,) were determined from a Gaussian fit to the focal adhesion 
molecule peak. In addition to the main peak, we also typically observed a smaller 
peak of substrate surface autofluorescent molecules. The observed background 
molecules probably originate from autofluorescence present in cell culture media, 
such as from fetal bovine serum and other trace contaminants* and were primarily 
localized to the coverglass surface because non-surface-adsorbed background mol- 
ecules diffuse too rapidly to be visualized as single molecules. We defined the Zcentre Of 
the local substrate distribution as the z = 0 nm for each adhesion region. Because the 
substrate fluorescence density is low, typically the regional mask included the focal 
adhesion as well as a small surrounding region of a few square micrometres for good 
statistics. This local background provided an internal z = 0 nm reference that con- 
trols for long-range vertical variation due to sample tilt or optical field curvature. 
Gaussian fitting used the least-absolute-residuals minimizing algorithm in 
LABVIEW. Most focal adhesion proteins exhibited Gaussian-like peaks, except 
for actin and «-actinin which extend into the stress fibre, instead of localizing as 
well-defined layers. Thus, to quantify their positions for comparison with other 
proteins, we calculated the Zcentre and the width parameter (¢,er) as the first moment 


“of (2) zi 


Zcentre = 


VA ENMZi _ Zcentre)” 


and second moment dyer 


, Tespec- 


tively, where N denotes the total number of molecules, z; denotes the z values for 
each histogram bin, i indexes the histogram z-bins, and f(z;) denotes the histogram of 


z position. The statistics for the average Zcentre ANd Gyert are Shown in Fig. 4a, b and 
Supplementary Table 1. Fit parameters to individual focal adhesion regions in 
Figs 1-3 are shown in Supplementary Table 2. 

Analysis of Zcentre and focal adhesion morphologies. To determine whether a 
relationship existed between focal adhesion protein vertical position and focal 
adhesion morphology, we quantified morphometric properties of focal adhesions. 
We first calculated image maps of the number-density and average z position from 
the molecule coordinates measured by iPALM, using a 33 x 33 nm” bin size. 
Programs written in MATLAB (Mathworks) were used to segment the areas 
corresponding to focal adhesions, calculate the areas, and measure the major 
and minor axes of the best-fit ellipse. The plots of protein position (Zcentre) a8 a 
function of focal adhesion size (area in 1m?) or aspect ratio (major divided by 
minor axes), as well as correlation coefficients, are shown in Fig. 4c and 
Supplementary Figs 9, 21c and 22c. These plots also indicate the range of focal 
adhesion size and shape (aspect ratio of round focal adhesion = 1, and >1 for 
elongated focal adhesions) that were observed. As seen by the size distribution and 
as noted earlier, most regions analysed correspond to focal adhesion by previously 
defined morphometric criteria*® (area <8 1m”, aspect ratio <7). Note that small 
nascent adhesions were omitted if there was not sufficient background localization 
to allow accurate determination of local substratum level. 
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The amino-terminal disease hotspot of ryanodine 
receptors forms a cytoplasmic vestibule 


Ching-Chieh Tung’, Paolo A. Lobo!, Lynn Kimlicka' & Filip Van Petegem! 


Many physiological events require transient increases in cytosolic 
Ca’* concentrations. Ryanodine receptors (RyRs) are ion channels 
that govern the release of Ca** from the endoplasmic and sarco- 
plasmic reticulum’. Mutations in RyRs can lead to severe genetic 
conditions that affect both cardiac and skeletal muscle, but locating 
the mutated residues in the full-length channel structure has been 
difficult?*. Here we show the 2.5 A resolution crystal structure of a 
region spanning three domains of RyR type 1 (RyR1), encompass- 
ing amino acid residues 1-559. The domains interact with each 
other through a predominantly hydrophilic interface. Docking in 
RyR1 electron microscopy maps** unambiguously places the 
domains in the cytoplasmic portion of the channel, forming a 
240-kDa cytoplasmic vestibule around the four-fold symmetry axis. 
We pinpoint the exact locations of more than 50 disease-associated 
mutations in full-length RyR1 and RyR2. The mutations can be 
classified into three groups: those that destabilize the interfaces 
between the three amino-terminal domains, disturb the folding of 
individual domains or affect one of six interfaces with other parts of 
the receptor. We propose a model whereby the opening of a RyR 
coincides with allosterically coupled motions within the N-terminal 
domains. This process can be affected by mutations that target 
various interfaces within and across subunits. The crystal structure 
provides a framework to understand the many disease-associated 
mutations in RyRs that have been studied using functional methods, 
and will be useful for developing new strategies to modulate RyR 
function in disease states. 

Ryanodine receptors are large (~2.2 MDa) tetrameric channels that 
control the release of Ca** from the endoplasmic and sarcoplasmic 
reticulum. Three isoforms (RyR1, RyR2 and RyR3) have been isolated 
in mammalian organisms. Excitation-contraction coupling primarily 
relies on RyR1 in skeletal muscle and RyR2 in cardiac muscle’. Because 
Ca’* is a potent messenger, the mishandling of Ca* release owing to 
point mutations in either isoform can lead to severe genetic diseases, 
including malignant hyperthermia, central core disease and multi- 
minicore disease for RyR1, and heart disorders such as catecholami- 
nergic polymorphic ventricular tachycardia and arrhythmogenic right 
ventricular dysplasia for RyR2 (ref. 2). With a few exceptions, the point 
substitutions cluster in three distinct mutation ‘hotspots’. RyRs are 
activated by Ca”*, and most disease-associated mutations that have 
been analysed so far introduce a gain of function, either increasing the 
sensitivity of the RyR to activators or producing a leaky channel, or 
both®. Owing to the limited availability of high-resolution structures, a 
mechanistic description of the effect of the disease-associated muta- 
tions has been lacking. 

To gain further insight into RyR function in physiological and disease 
states, we solved the 2.5 A crystal structure of a 62-kDa region of rabbit 
RyR1 (amino acid residues 1-559) that covers most of the N-terminal 
hotspot (Fig. 1 and Supplementary Fig. 1). The structure was refined toa 
final Reryst and Réree Of 20.9% and 23.4%, respectively. The construct 
folds into three separate domains (A, B and C) that interact with each 
other through a mainly hydrophilic interface (Supplementary Table 1). 
Domain A (amino acid residues 1-205) forms a B-trefoil domain with 


an additional o-helix, consistent with previous findings’*. Domain B 
(residues 206-394) forms another [-trefoil domain, whereas domain C 
(residues 395-532) forms a bundle of five o-helices. The carboxy- 
terminal 27 residues are not visible in the electron density and might 
be part « of another domain. The domain interfaces cover a surface of 
1,687 A’, of which 517 A? is hydrophobic (Supplementary Table 1). 

Cryo-electron microscopy (cryo-EM) studies have shown full- 
length RyR1 images at ~10 A resolution*®”. The availability ofa crystal 
structure with more than 22,000 A? of surface area enabled us to locate 
the 62-kDa N-terminal region unambiguously in the full-length RyR1 
structure’®"’. The N-terminal domains are located in the cytoplasmic 
portion of the channel, forming a vestibule around the four-fold axis 
(Fig. 2, Supplementary Fig. 2 and Supplementary Movie 1). 

To prove this result, we split the crystal structure into two parts 
(domain A and domain BC) and performed independent docking 
experiments with each part. Both parts dock to the same site and recapi- 
tulate the A-BC interface with near perfection (Fig. 2c). Given the vast 
number of possible orientations and locations of individual domains in 
a large cryo-EM map, the probability of reconstituting the crystal struc- 
ture through chance is infinitesimally small (see Supplementary 
Discussion). In addition, the same position of the N-terminal domains 
is obtained with a very high docking contrast using three RyR1 maps of 
different resolution (9.6 A, 10.3 A and 14 A)**2, 

The apparent contradiction with other mapping studies'*” probably 
results from the low resolution (~34 A) in those experiments, combined 
with the use of long linkers and the size of the insertion proteins, which 
allow a difference density of >80 A away from the insertion site. In this 
study, the docking was performed using a Laplacian filter'’"°, which was 
strictly required for the docking of individual parts of the structure. We 
suggest that this filtering approach be considered in future docking 
experiments of RyR domains and that a value for the docking contrast 
be reported. A complete validation of the docking and its relationship to 
previous attempts to locate the N-terminal region are available in the 
Supplementary Discussion. The docking shows that at least part of the 
intersubunit boundaries differs from those proposed previously”. 

We mapped the positions of 33 disease-associated mutations in 
RyR1 and of 23 such mutations in RyR2 onto the RyR1 ABC structure 
(Fig. 3 and Supplementary Fig. 3). The positions can be grouped into 
three categories: those that are completely buried within a domain and 
thus probably cause local misfolding of the domain (6 mutations); 
those that lie at the interfaces between domains A, B and C within a 
subunit and thus probably destabilize the domain interactions (15 
mutations); and those at interfaces with other RyR domains (35 muta- 
tions), including interfaces across subunits (Supplementary Table 2). 
Despite the presence of a large solvent-exposed surface area of the 
three domains within full-length RyR1, all mutations are either buried 
or at domain-domain interfaces. No mutations are simply exposed to 
solvent, where they would be less likely to cause a functional change, 
which further underlines the validity of the docking results (see also 
Supplementary Discussion). 

Several mutations are concentrated at the boundary between domains 
A and C. This interface consists of a series of hydrogen-bonding and 
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Figure 1 | Overall structure of the RyR1 A, B and C domains. a, Overall 
structure of rabbit RyR1 for amino acid residues 1-559. This portion of RyR1 
consists of domain A (blue; 1-205), domain B (green; 206-394) and domain C 
(red; 395-532). The remaining 27 residues are not visible in the electron 


charge-coupling interactions, including the amino acid R45 in domain A 
with D447 in domain C, and D61 and E40 in domain A with R402 in 
domain C (Fig. 3b). Both ionic pairs are the target of RyR1 mutations, 
through substitutions of R45, D61 and R402 (the residue numbering for 
rabbit RyR1 is used throughout for all disease-associated mutations) 
(Supplementary Table 2). Gel filtration and thermal melt experiments 
on the disease-associated RYR1 ABC mutant R402G (in which arginine 
has been substituted with glycine at position 402) show that this change 
does not cause overall misfolding but decreases the overall melting 


density. Flexible loops are shown as dashed lines. For reference, o-helices (#1- 
a6) and B-strands (1-24) are numbered. b, Different view of a. c, Typical omit 
difference density map in a randomly selected region, contoured at 30. 


temperature by >5°C (Supplementary Fig. 4). It is therefore highly 
likely that this substitution simply destabilizes the A-C interface. 

We have identified six individual interfaces between other parts of 
RyR1 and the A, B and C domains (Fig. 3c and Supplementary Fig. 3). 
One of these involves contacts with domains A and B across subunits 
(denoted interface 1). Depending on the cryo-EM map used, the 
domains are separated by a gap of ~5-11A, which can easily be 
bridged by two flexible loops in domain B (Fig. 3c). This variability 
in gap size may be due to differences in conformational purity of the 


Figure 2 | Docking of RyR1 ABC in the 9.6A RyRI1 cryo-EM map. a, View 
from the cytoplasmic side towards the endoplasmic reticulum, depicting 
domain A (blue), domain B (green) and domain C (red). b, Close-up lateral 
view from the four-fold symmetry axis. For clarity, only two monomers are 
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shown. c, Docking of domain A alone (blue) or domain BC alone (red) yields a 
near-perfect superposition on the docking position for ABC (grey). The 
probability of recapitulating the A-BC interface by chance is <10 1° (see also 
Supplementary Discussion). 
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Figure 3 | Disease-associated mutations in RyR1 and RyR2. a, Position of 
disease-associated mutations in RyR1 (red) and additional such mutations in 
RyR2 (blue); regions not associated with disease (grey). For clarity, mutations in 
flexible loops are not shown. The view is similar to Fig. 1a. b, Salt bridges at the 
A-C interface. Domain A (blue), domain B (green) and domain C (red) are 
shown. Hydrogen bonds are represented by dashed lines. Underlined residues 


RyR1 samples in the different studies’. Although most of the mutations 
on one side of this interface (domain B) are located in flexible loops, the 
docking shows the pairing of two oppositely charged residues (E321 
and R329) on two adjacent B domains. The side chain of R329 is 
flexible in the crystal structure, but addition of the most common 
side-chain rotamer shows that the two residues can easily approach 
one another as close as 3.5 A in the 10.3 A map (Fig. 3c). Both residues 
are the target of disease-associated mutations, either directly (R329W 
in RyR1) or indirectly through mutation of a residue affecting the 
conformation of the main chain of E321 (R317L in RyR1, and 
R317W in RyR2) (Fig. 3c). Overall, 19 disease-associated mutations 
(in 16 positions) in RyR1 and RyR2 target this intersubunit interface, 
suggesting an important functional role for this contact area. 

Other interfaces include areas lateral to domain A (interface 2) and 
domain C (interface 3) and areas ‘below domain A (interface 4), 
domain B (interface 5) and domain C (interface 6) (Supplementary 
Fig. 3). A large proportion of disease-associated mutations map to 
interface 4, connecting domain A to electron-dense columns extend- 
ing towards the transmembrane domains (Supplementary Fig. 3a). 
This interface includes the single «-helix and the B8-B9 loop of 
domain A, two structural features that previously have been suggested 
to form important interactions with other RyR domains’*. The 
o-helix, which is the target of two disease-associated mutations and 
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Figure 4 | The A-BC interface is labile. a, Surface of RyR1 domain A (blue) 
showing the C36 sulphydryl (yellow), and representation of domain B (green). 
Selected residues from domain B are depicted as a grey stick structure, with oxygen 
atoms (red) and nitrogen atoms (blue) highlighted. C36 is inaccessible in the 
presence of domain B (Supplementary Fig. 5). b, Model showing the impact of 
disease-associated mutations (asterisks) on the motion of domains A, B and C 
(ovals). Interfaces with other RyR domains are indicated by black combs. The exact 
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are targets for disease-associated mutations. c, Interface 1 across ABC subunits, 
according to docking in the 10.3 A RyRI cryo-EM. Disease-associated mutation 
positions and E321 are labelled. Flexible loops are shown as coloured dashed 
lines. The R329 side chain is shown in its most common rotamer. R317 
undergoes hydrogen bonding with the E321 main chain. The inset shows the 
relative view. 


a deletion in RyR2 (refs 18,19), is also in contact with interface 2. Sup- 
plementary Table 2 gives a complete overview of the disease-associated 
mutations and their locations. 

RyRs have been shown to be sensitive to redox modulation, a feature 
accomplished by several reactive cysteine residues that can be oxidized, 
nitrosylated or glutathionylated””~’. In the context of full-length RyR1, 
C36 (rabbit RyR1 numbering) has been shown to be a target for 
glutathionylation™*. In domain A in isolation, C36 is highly flexible 
and accessible to solvent’; however, in the ABC crystal structure, it is 
completely buried by the 816-817 loop of domain B (Fig. 4a and 
Supplementary Fig. 5). C36 is also the target for a disease-associated 
mutation (C36R) in RyR1. The A-B interface cannot accommodate an 
arginine residue ora glutathione moiety, both of which are bulkier than 
the cysteine residue. The fact that modification is possible in intact 
channels is strongly indicative that contacts between domains A and B 
are not static. In agreement with this idea, isothermal titration calori- 
metry experiments between domains A and BC that have been purified 
separately failed to show any interaction, suggesting that the contacts 
are inherently weak and can easily be broken (Supplementary Fig. 6). 

Because docking of two individual parts of the crystal structure in the 
closed-state cryo-EM map recapitulates the same interface observed in 
the RyR1 ABC crystal structure (Fig. 2c), the ABC structure probably 
represents the relative domain orientation in the closed state of the 


nature and range of motion of these domains on opening of the channel are not 
known. Disease-associated mutations target multiple interfaces, thus facilitating 
motion of the domains. c, Superposition of the RyR1 ABC structure (coloured) 
with the InsP3R BC structure (grey) bound to InsP3 (stick representation; PDB ID: 
1N4K), based on domain B of each structure. Treating the InsP3R BC domain as a 
rigid unit shows a different relative orientation of domains B and C. This 
conformational difference might be induced by InsP; binding to InsP3R. 
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channel. Although the existing cryo-EM maps of RyR1 in the open state 
are not publicly available for docking studies, they clearly show move- 
ments in the region where RyR1 ABC docks, including lateral move- 
ments away from the four-fold symmetry axis’. On the basis of the 
distribution of disease-associated mutations, we propose that the fol- 
lowing occurs during the opening of RyR (Fig. 4b). Gating of the channel 
is allosterically coupled to movement of the A, B and C domains, either 
relative to one another or relative to other RyR domains. The distri- 
bution of disease-associated mutations at all observed interfaces sug- 
gests that all interfaces are prone to movement, including intersubunit 
contacts between domains A and B. Destabilization of any interface by 
disease-associated mutations facilitates the relative motion, resulting in 
a destabilized closed state and hence an increased probability of being 
open. This is compatible with previous functional studies showing that 
individual mutations either render the channels leaky or increase their 
sensitivity to activators’. The previously proposed ‘zipper hypothesis’ 
suggests that there is relative movement of the N-terminal and central 
disease hotspots”. It is now clear, however, that the mutations do not 
target a single interface but instead affect multiple small zippers, both 
within and across the hotspots, as well as between the same hotspots on 
neighbouring subunits. 

The N-terminal domains of another type of Ca”*-release channel, 
inositol-1,4,5-trisphosphate receptors (InsP3Rs)*°”’, show clear struc- 
tural homology with the corresponding RyR1 domains (Fig. 4c and 
Supplementary Fig. 7). In InsP3Rs, domain A is known to decrease the 
affinity of domain BC for InsP; (ref. 27), but the mechanism for this is 
not fully understood because an intact InsP3R ABC structure is not 
available. Previous NMR and small-angle X-ray scattering data for 
InsP3R1 ABC have suggested that the binding of InsP; changes the 
relative orientation of domains B and C, resulting in a destabilized 
A-BC interface**. In this respect, it is notable that the relative position 
of domains B and C differs between the RyR1 ABC and InsP3-bound 
InsP3R BC structures (Fig. 4c). Further experiments are needed to 
identify the exact domain movements that occur in both of these types 
of Ca”*-release channel. 


METHODS SUMMARY 


Rabbit RyR1 (residues 1-559) was expressed at 18 °C in Escherichia coli Rosetta 
(DE3) pLacl cells as a fusion protein containing a hexahistidine tag, maltose- 
binding protein and a cleavage site for tobacco etch virus protease. The protein 
was purified to homogeneity using standard fast protein liquid chromatography 
(FPLC) techniques, and the tag was removed before crystallization trials. The 
protein was crystallized in 1.2-1.5M (NH4)2SOz, 0-15% glycerol (vol/vol) and 
0.1M Tris-Cl buffer, pH 7-9. Crystals were flash frozen in the same condition 
supplemented with 30% glycerol (vol/vol), and used for diffraction experiments at 
the Canadian Light Source beamline O8ID-1 and the Stanford Synchrotron 
Radiation Lightsource beamline 9-2. Data at 2.5 A were processed with the pro- 
gram XDS”, and R32 was indicated as the space group. The phase problem was 
solved using the N-terminal domain of RyR1 (refs 7,8) as a search model for the 
program Phaser’®. Supplementary Table 3 shows the data collection and refinement 
statistics. Docking experiments were performed by exhaustive six-dimensional 
searches using the programs Situs'’ and ADP_EM"’. ThermoFluor experiments, 
used to determine the melting temperatures of various constructs, were performed 
as described previously’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and purification. Rabbit RyR1 (amino acid residues 1-559) 
was cloned into a modified pET28 vector containing, in tandem, a hexahistidine 
tag, maltose-binding protein and a cleavage site for tobacco etch virus (TEV) 
protease followed by the construct of interest*'. The R402G mutation was pro- 
duced by using the QuikChange protocol (Stratagene). The protein was expressed 
at 18°C in Escherichia coli Rosetta (DE3) pLacl cells (Novagen), induced at an 
absorbance of ~0.6 at 600 nm by adding 0.2 mM isopropyl-B-p-thiogalactoside 
(IPTG) and grown for 20 more hours before collection. Cells were lysed by sonica- 
tion in buffer A (250 mM KCland 10 mM HEPES, pH 7.4) with 25 jig ml | DNase 
I, 25 tgml | lysozyme, 14mM -mercaptoethanol and 1 mM phenylmethylsul- 
phony] fluoride. The lysate was applied to a 25 ml Poros MC column (Tosoh 
Bioscience), washed with five column volumes of buffer A and five column 
volumes of buffer A plus 2% (vol/vol) buffer B (250 mM KCl and 500 mM imi- 
dazole, pH 7.4) and eluted with 30% (vol/vol) buffer B. The protein was dialysed 
against buffer A plus 14mM -mercaptoethanol and then applied to a 25 ml amy- 
lose column (New England Biolabs). The protein was then washed with ten column 
volumes of buffer A plus 14mM $-mercaptoethanol and eluted with buffer C (buffer 
A plus 10 mM maltose and 14mM {-mercaptoethanol). The protein was dialysed 
overnight against buffer D (50mM KCl, 10mM HEPES, pH 7.4, and 14mM B- 
mercaptoethanol) at 4 °C and was cleaved simultaneously with recombinant TEV 
protease. The sample was then applied to another 25 ml Poros MC column in buffer 
D, and the flow through was collected and applied to a 6 ml Resource Q column (GE 
Healthcare). The protein was eluted with a gradient of 0% to 40% buffer E (1.5M 
KCI, 10 mM HEPES, pH 7.4, and 14 mM f-mercaptoethanol). The sample was run 
on a HiLoad 16/10 Phenyl Sepharose HP column (GE Healthcare) in buffer E and 
eluted with a gradient of 0% to 50% buffer D. Last, the sample was run on a HiLoad 
16/60 Superdex 200 prep grade (GE Healthcare) gel filtration column using buffer A 
plus 14mM £-mercaptoethanol. The protein sample was exchanged into 50 mM 
KCI, 10 mM HEPES, pH 7.4, and 5 mM dithiothreitol and was then concentrated to 
10-20mgml' using Amicon concentrators (30kDa molecular mass cutoff; 
Millipore). The purified protein was stored at —80 °C. 

Crystallization, data collection and structure solution. Crystals were obtained 
by hanging-drop vapour diffusion. Crystals appeared in a solution of 1.2-1.5M 
(NH4)2SO4, 0-15% glycerol (vol/vol) and 0.1M Tris-Cl, pH 7-9. Crystals were 
transferred to the same condition supplemented with 30% glycerol (vol/vol), and 
flash frozen in liquid nitrogen before data collection. Data sets were collected at the 
Canadian Light Source (CLS) beamline 08ID-1 and the Stanford Synchrotron 
Radiation Lightsource beamline 9-2. The data set for final refinement was collected 
at the CLS at a wavelength of 0.9795 A and a temperature of 100 K, and was 
processed using the XDS program”’. The structure of RyR1 domain A’* (PDB 
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ID: 3ILA) was used as a search model in molecular replacement with the Phaser 
program”. The resultant electron-density maps were used for the initial placement 
of four «-helices and were then used for automated structure building implemented 
in the program ARP/wARP version 7.1 (ref. 32). The model was further completed 
and refined using alternating cycles of manual building in the programs Coot*’ and 
REFMAC version 5 (ref. 34). The geometry of the model was validated using the 
PROCHECK program*’, showing no residues in disallowed regions of the 
Ramachandran plots and with 87.5% in the core region. Residues with missing 
densities were not modelled. Supplementary Table 3 shows the data collection and 
refinement statistics. 

Docking into cryo-EM maps. The resultant structure was docked into three RyR1 
cryo-EM maps (Electron Microscopy Data Bank ID: 1275, 5014 and 1274), solved 
at a reported 9.6 A (ref. 4), 10.3 A (ref. 5) and 14 A (ref. 12), respectively. We used 
extensive six-dimensional searches as implemented in the programs Situs'' and 
ADP_EM”®. Laplacian filtering was used to prevent a multitude of spurious solu- 
tions due to migration to regions with high electron density'®. The search model 
was blurred to the same resolution as the cryo-EM map. No additional filtering 
was performed on the map. An angular step of 3° was used for the initial six- 
dimensional search, followed by Powell minimization. A confidence interval and 
docking precision estimate were obtained using methods described previously**”’, 
making use of Fisher’s z transform of the correlation coefficient and an estimated 
o(z) from the map volume and resolution. 

Thermal melt analysis. Thermal melting curves for purified proteins were 
obtained from ThermoFluor experiments as described previously*. The midpoint 
of the transitions was used as an indicator of overall protein stability. 
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Rod-shaped graphite nanocrystals are strong, stable electrical conductors with many potential uses. 


NANOTECHNOLOGY 


Small science 
yields big growth 


Nanomaterials have evolved from innovation to application 
— and the career possibilities have blossomed. 


BY CORINNA WU 


arbon-nanomaterial researchers had 
( plenty to celebrate this autumn. In 

October, Rice University in Houston, 
Texas, threw a gala to commemorate the 
twenty-fifth anniversary of the discovery of 
the football-shaped carbon molecule buck- 
minsterfullerene by Rice researchers. Physicist 
Andre Geim at the University of Manchester, 
UK, had planned to attend, but his plans got 


derailed after he and his colleague Konstantin 
Novoselov won the Nobel Prize in Physics the 
week before the gala for their work on graph- 
ene, the one-atom-thick sheets of carbon that 
they produced in 2004 by peeling off layers of 
graphite with adhesive tape. It was a busy week 
for nanomaterials innovators. 

It has been a busy 25 years. The discovery of 
buckminsterfullerene in 1985 sparked a revolu- 
tion in materials science and nanotechnology. 
That excitement was soon extended to carbon 


nanotubes, the mechanical and electrical prop- 
erties of which suggested myriad uses. Now, 
these nanotubes are fulfilling their promise. 
The maturation of the market for nano- 
materials opens up job opportunities at all stages 
of commercialization — in academia, start-up 
companies, small businesses and large chemi- 
cal manufacturers. Nanomaterials are finding 
their way into products such as photovoltaic 
cells, high-power batteries and advanced drug- 
delivery systems, and are creating opportunities 
for applications in industries from electronics 
and data storage to energy and biomedicine. 
Scientists with a strong interest and the right 
skills should find ample career possibilities. 


INDUSTRIAL OPPORTUNITIES 

Within the past two years, chemical suppli- 
ers such as Bayer in Leverkusen and BASF 
in Ludwigshafen, both in Germany, have 
begun manufacturing carbon nanotubes in 
bulk for industry. Most commonly, the tubes 
are mixed into polymers or metals to create 
strong, lightweight composites. Companies 
including Nanocyl in Sambreville, Belgium, 
and Nanocomp Technologies in Concord, New 
Hampshire, specialize in commercial nanotube 
production. The market is now estimated at 
US$247 million worldwide, and is set to grow 
to $2.7 billion by 2015, according to nanoposts. 
com, a nanotechnology consultancy in Stirling, 
UK. “A lot of nanotechnology applications have 
been in research space, but we're now seeing a 
progression into the commercial space,’ says 
Michael Strano, associate professor of chemical 
engineering at the Massachusetts Institute of 
Technology in Cambridge. This evolution and 
the projected future revenue and demand tell a 
promising story for job potential. 

Companies all over the world are working on 
better ways to scale up production and chemi- 
cally modify nanotubes for specific purposes. 
The tubes’ mechanical strength makes them 
an obvious ingredient for composites, and the 
earliest applications involved mixing them into 
polymers to create strong, lightweight mate- 
rials used in the automotive and aerospace 
industries, and in sports equipment. By volume, 
such uses still command the largest demand for 
nanotubes, says Daniel Resasco, founder and 
chief scientist of SouthWest NanoTechnolo- 
gies in Norman, Oklahoma. Resascos company 
has been on a hiring spree over the past year, 
adding 14 people to its staff, including three 
PhD chemists, three chemical engineers with 
bachelor’s degrees, one technical chemist and a 
programme manager with an MBA. 
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Y. GOGOTSI/SPL 


RESEARCH OPPORTUNITIES 


Nanotechnology and the environment 


Mark Wiesner’s nanotechnology talks used 
to include a slide with the Disney character 
Tinker Bell on one side and Star Wars 

villain Darth Vader on the other. The point, 
says Wiesner, a civil and environmental 
engineer at Duke University in Durham, 
North Carolina, is that the technology has 

its bright side and its dark side. Although 
many researchers are drawn to the field by 
the bright side (the applications), others are 
studying the toxic effects of nanomaterials on 
humans and the environment — phenomena 
as simple as the tendency for antimicrobial 
silver nanoparticles to kill useful bacteria. 

Research into environmental, health 
and safety (EHS) effects of nanotechnology 
has proceeded alongside research into its 
applications, says Kristen Kulinowski, director 
of external affairs at the Center for Biological 
and Environmental Nanotechnology at 
Rice University in Houston, Texas. “It means 
not rushing into developing applications 
and then realizing they’re not sustainable,” 
she says. “Let’s do risk-relevant research 
alongside the other stuff.” 

EHS research draws on disciplines 
including biology, toxicology, ecology, 
environmental engineering, chemistry, 
physics and maths. And materials scientists 
and chemical engineers seek to create 
nanoparticles with desirable physical 
properties but reduced toxicity — for 
example, by controlling their shapes and 
sizes or developing coatings to keep them 
from damaging cells. 

Social scientists track policy and 
regulations involving nanotechnology. 
Because the field touches on so many 
scientific and societal issues, “one needs a 
multidisciplinary platform”, says André Nel, 
director of the Center for Environmental 


> Only a few universities offer inter- 
disciplinary degrees in nanotechnology; they 
include the University of Washington in Seattle, 
the National University of Singapore and the 
University of Copenhagen (a list is available at 
go.nature.com/ciel5z). The field is still “highly 
disciplinary”, says Strano, with researchers 
holding degrees in chemistry, physics, materials 
science and chemical or electrical engineer- 
ing. But no matter what degree they pursue, 
all aspiring nanotube researchers would do 
well to take a course in solid-state physics — 
“the heart of nanotechnology’, says Strano. 
“These materials are defined by the underlying 
physics,” he adds. 

That training will apply to all areas of nano- 
technology, not just carbon nanotubes. “Grad- 
uates with a strong background in catalysis, 
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Implications of Nanotechnology (CEIN) at the 
University of California, Los Angeles. “A single 
scientific domain is not enough to address 
the completeness of the problem,’ he adds. 

CEIN is one of two centres created in 2008 
by the US National Science Foundation (NSF) 
and the Environmental Protection Agency 
(EPA) to study the environmental impact of 
nanotechnology. A collaboration between the 
Los Angeles and Santa Barbara campuses 
at the University of California, it has about 
75 researchers, including 30 postdoctoral 
fellows and graduate students, says Nel. 

Duke is headquarters for the second 
centre, CEINT, which includes five other 
universities. CEINT employs 36 faculty 
members and 76 undergraduate and 
graduate students, says Wiesner, who is the 
director of the centre. The NSF and the EPA 
granted the two centres US$38 million over 
five years; the EPA’s $5-million contribution 
is the biggest it has ever given to the field. 

“Looking at nanomaterials was a way of 
looking at human-induced disturbances to 
natural ecosystems,” says Ben Colman, a 
postdoc at Duke who has been with CEINT 
since 2009. “That was attractive to me — 
asking what happens to these systems when 
you stress them with novel materials,’ he 
says. Colman has had to acquire skills in 
electron microscopy and X-ray spectroscopy 
to characterize nanoparticles, because the 
shape, size and number of particles makes a 
big difference to how they behave. 

The centres are focusing first on the most 
widely used nanomaterials, including silver, 
titanium dioxide and carbon nanotubes. 
Even the most basic questions about what 
makes a nanoparticle toxic have not been 
answered, Kulinowski says; the discipline of 
nanotoxicology is rife with possibilities. C.W. 


interfacial chemistry and nanotechnology will be 
sought by companies, universities and national 
labs,” says Resasco. The ability to manipulate 
nanomaterials using electron microscopes and 
characterize them using spectroscopic tech- 
niques is essential for a growing suite of 
positions. “Working in nanomaterials,’ says 
Resasco, “you start developing a way of think- 
ing that’s more precise, more atomic-oriented 
than the typical microscopic research of two 
decades ago.” 

Many Rice graduates take postdoctoral posi- 
tions, but “we have been sending more PhDs 
directly to industry than ever before’, says Wade 
Adams, director of the Richard E. Smalley Insti- 
tute for Nanoscale Science and Technology at 
the university. In the past few years, oil and 
gas service companies such as Baker Hughes, 
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Halliburton and Schlumberger, all based in 
Houston, have begun hiring nanotechnology 
graduates from Rice. The companies are “start- 
ing to see how nanotechnology is going to make 
adifference to them in the future” by developing 
better catalysts for oil refining, hardening drill 
bits and improving materials used in natural-gas 
recovery, says Adams. Graduates also find jobs 
in small businesses and start-ups that specialize 
in nanotechnology. In the Houston area alone, 
more than 20 such start-ups have opened their 
doors within the past two years, says Adams. 

Although good jobs lure many graduates 
right out of university, postdoctoral research 
experience can benefit careers in both academia 
and industry. Many national laboratories do 
nanotechnology research and collaborate with 
university groups, says Resasco. “That is great, 
because they have tremendous infrastructure 
and facilities, he notes. A postdoc position, 
Resasco adds, allows a graduate to broaden 
his or her experience — important in a multi- 
disciplinary field. Resasco has hired PhD 
graduates with physical chemistry degrees who 
also had postdoctoral experience in chemical 
or electrical engineering. “We find this breadth 
of knowledge particularly useful. Many nano- 
technology companies are relatively small, and 
people with flexibility and a broad set of skills 
are highly valued,’ he says. 

Even as the commercial promise gener- 
ates opportunities, basic research continues 
to interest universities 
(see ‘Nanotechnology 
and the environment). 
Graphene has become 
the new hot material; it 
is easily manufactured, 
flexible, strong and 
an excellent electrical 
conductor. It has been 


on the scene for only six “Pe eop le with 
years, and researchers flexibility and 
areactively exploringits © broad set 
potential. According to of skills are 


highly valued.” 


Daniel Resasco 


a 2009 analysis by Lux 
Research in New York 
City, graphene is set to 
compete with nanotubes in price and perform- 
ance in the coming years as a component of com- 
posites, coatings and energy-storage devices, 
and the market for it is projected to grow to 
$59 million by 2015. 

With plenty of scientific and technical chal- 
lenges ahead, and so much money at stake, 
there should be lots of opportunities opening 
up. “The job market is awesome for nanotech 
researchers because we just don’t have enough 
scientists — even at the master’s and under- 
graduate levels,’ says Vincent Caprio, executive 
director of the NanoBusiness Alliance trade 
organization, based in Skokie, Illinois. “All 
these companies are hiring people.” = 


Corinna Wu is a freelance writer based in 
Oakland, California. 


J. RESASCO 


TURNING POINT 


Mary Gehring 


Plant biologist Mary Gehring joined the 
Whitehead Institute for Biomedical Research 
in Cambridge, Massachusetts, in September. 


Why did plants attract you? 

I went to Williams College in Williamstown, 
Massachusetts, planning to be a writer, but 
became interested in plant physiology after 
taking a course on plants and later working in 
the professor’s lab. It is fascinating that much 
of the same molecular biology is going on in 
animals, but plants look like they’re just sit- 
ting there. I sawa talk by Norman Borlaug, 
father of the green revolution, who exhorted 
young people to continue improving agri- 
culture, and my interest was solidified. 


How did your own plant research evolve? 

In graduate school at the University of 
California, Berkeley, my interest in plant 
development evolved into a dissertation on 
epigenetics after a discovery that seed devel- 
opment was tied to the epigenome. I worked 
with Robert Fisher, a plant molecular biolo- 
gist, to explore the genes that maintain the 
epigenome. We discovered how they are 
regulated. 


How did you decide to pursue a postdoc 

at the Fred Hutchinson Cancer Research 
Center in Seattle, Washington? 

I interviewed at three places for a postdoc 
— two were plant labs, the third was with 
Steven Henikoff, the only person at the Hutch 
studying plants. I was attracted to Steve's lab 
because it wasn’t constrained by the organ- 
ism — he really thought about the biological 
questions. For example, he investigated the 
different controls over genetic inheritance 
in both Arabidopsis and Drosophila — which 
allowed me to think about plant projects in 
a broader way. 


What has been your best research decision? 

I took the time to do a really tedious thing, 
dissecting seeds, that ultimately paid off 
scientifically. We wanted to know how epi- 
genetics work between the embryo and 
endosperm. To do that, I had to collect 
embryo and endosperm DNA. Arabidopsis 
seeds are tiny, and J had to sit at a microscope 
with a needle and forceps and dissect them 
into three component parts. For just one 
experiment, I had to dissect roughly 1,500 
seeds — which took 8 hours a day for a week. 
As a result of that task, we could document 
the changes to the epigenome that are nec- 
essary to make a viable seed. By monitoring 


DNA methylation between endosperm and 
embryo, we identified many genes important 
for directing seed development. 


Are you a plant biologist or an epigeneticist? 
Ihave often been asked that in job interviews, 
and have found it hard to answer. ’'m both. 
There is much more synergy between organ- 
isms than there are differences. Asa scientist, 
I benefit from hearing about epigenetics in 
mice or fruitflies. When I think about my 
research, I’m thinking about what is most 
interesting to epigenetics rather than to 
plant biology, although one hopes those are 
the same. I work on endosperm, which is a 
plant-specific tissue. But the epigenetic proc- 
esses going on there and in plant gametes are, 
potentially, similar to gametes in animals. 


Why did you apply to the Whitehead, where 
there isn’t a lot of plant research? 

I knew that the Whitehead used to do plant 
biology, and still did some. It was a great place 
to work. But it was the ‘follow the questiom 
approach that I liked. The scientists here, like 
at the Hutch, weren't wedded to one organism, 
but to using the organisms to best answer a 
question. I felt that, because I had been at the 
Hutch, I could do well here, even without other 
plant biologists. One thing we discussed was 
how Id be evaluated as the only person here 
in a plant field. [ve been assured that I won't 
be asked to change focus, and that my work 
will be taken on its own merit. It is daunting 
because it’s the Whitehead, but I’m excited. 


What inspires you? 

Wanting to help feed the world is what got 
me into plant biology. Day-to-day, my work 
may not seem to be too close to that aspira- 
tion, but it is still there. My work is interesting 
at a general biology level — and in the future 
could play a role in better manipulating plants 
to improve yield. m 
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UNITED STATES 
Overseas enrolment up 


The number of international students at 
US institutions rose 3% to a record high of 
690,923 in the 2009-10 academic year, with 
gains in engineering, maths and computer 
science, says a report from the Institute of 
International Education, a New York-based 
non-profit organization. The report, out on 
15 November, found that the growth was 
driven by a 30% increase in the number of 
students from China, who now represent 
some 18% of international enrolment. The 
report found that 18% of overseas students 
are pursuing engineering, up 7%; 9% are 

in biological and physical sciences, down 
slightly; and 9% are studying maths and 
computer science, up almost 8%. Stronger 
recruiting efforts helped to promote the 
increases, but visa woes contributed to 
fewer students coming from some nations. 


WORKFORCE 


Changing order 


China, Brazil and India have begun to 
challenge the traditional science leadership 
role of the United States, asserts a report 
from the United Nations Educational, 
Scientific and Cultural Organization 
(UNESCO). The UNESCO Science Report 
2010, released on 10 November and last 
out in 2005, notes that the total number 

of researchers in China ballooned by 75% 
to 1.42 million in 2007, roughly the same 
number as in the United States and just 
below the European Union's 1.44 million. 
Lidia Brito, UNESCO’s science policy 
director, says that this growth heralds new 
collaborative prospects for researchers in 
all nations. But success, she says, requires 
that young scientists develop multicultural 
teamwork talents. 


GRANTS 
Faculty seek support 


US junior research faculty members want 
more grant-seeking support from their 
institutions, an annual survey has found. 
Results of the Tenure-Track Faculty Job 
Satisfaction Survey, administered by 
Harvard University’s Collaborative on 
Academic Careers in Higher Education 
(COACHE) in Cambridge, Massachusetts, 
were released on 15 November. Todd 
Benson, COACHE assistant director, 

says that addressing key concerns such as 
grant management could help institutions 
recruit and retain junior faculty. COACHE 
shares survey results among participating 
universities to help them improve internal 
policies, he says. 
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HIGH ON THE HOG 


BY SEAN DAVIDSON 


omeone told me the other day that 
there’s 185 industrial uses for a pig. So 


I guess that makes me number 186. 
Which is kinda weird, cos until a few years 
ago, the closest I'd come to a real pig was rid- 
ing my hog — my big, black, Harley David- 
son ’08 VRSCD Night Rod. Aww yeah! ...1 
was one with the machine, roaring down 
the highway, growling up the hills, 
grunting and snorting at the poncey 
Japanese bikes stopped at the lights. I 
practically lived on my hog. Couldnt 
separate us. Even after the crash. Not 
that I remember much about that. I 
remember the ‘squeeeeeeall ... of 
the tyres as I took off from the lights, 
then the pigs behind me. The cops, 
I mean. And I remember a strange 
feeling of dislocation like I was some- 
where floating, watching body and 
machine as we slammed into the road, 
scraping along making one hell of a 
racket ... once I would have said ‘like 
a stuck pig’ but I’m more considerate 
now. They said later it was like we'd 
been welded together, my leg fused 
with the chassis. Nothing they could 
do but cut us apart. Carve us up, like 
meat from the bone. I could use a few 
spare ribs, though, they said! Ha ha! 
They love their jokes, the paramedics. 
But gotta admit, they really saved 
my bacon. 

I wasnt so familiar with the trans- 
plant scene back then. Of course I'd 
heard about human-to-human trans- 
plantation — that was old school, but 
it had run up against the predicted 
problem of supply and demand, then 
the real show-stopper: immune sup- 
pression. Without it, your new buddy- 
organ wouldnt stick around for long, 
but each new super-multi-extra-cross- 
resistant bug that appeared took out another 
swathe of the old ’planters. “Rejection by an 
organ is not a rejection of you as a person,” 
the support groups said, but still, it felt like 
more than just a slap in the face. 

Xenotransplantation — that was the 
Holy Grail. And finally the obstacles (there 
had been many) were overcome with fully 

humanized, cloned 


NATURE.COM pigs. Why pigs? Well, 
Discuss thisstory turns out we don't have 
online at: the heart of a lion, but 
go.nature.com/hd8h7r one more like the 
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Pig in the middle. 


humble pig’s! Not just our hearts but our 
kidneys, livers, lungs — nearly everything... 
though they ran into some ‘rejection at the 
patient level’ when they tried it on with 
the trotters! 

But I was too mashed up even for xeno. I 
knew it was bad when I woke, ‘cos most of 
my body was missing. But I still wasn’t ready 
for the shock of looking over, all dazed and 
confused, and there’s Doug, mucking about 


in the sterilized mud in his pen next to 
me! Two long, thick, plastic tubes jumping 
between us: ‘in and ‘out. Not that I’ve got 
anything against pigs. In fact, you could say 
I’ve developed quite a connection. He must 
have sensed I was conscious then, because he 
suddenly looked around in surprise. I stared 
into his stunned-looking little blue eyes. 
That’s all I remember of our first meeting. 
Next time I woke, I was surrounded by 
white coats but I knew Doug was still there. 
“What’s the bloody pig doing?” I yelled. 
“JR.16’s sharing his blood with you,” says 
the Doc. “From now on he'll do all the hard 
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work: breathing, eating, digesting, filtering 
and pumping your blood, even ahem, uri- 
nating, et cetera.” 

“You've undergone ‘holo-transplantation, 
he said. “That’s transplantation of the whole 
animal,’ he added, as if] still hadn't got it. 


Sometimes when we walk in the park it feels 
like 'm flying a kite in the shape of a pig. 
Other times it feels like he’s flying me. We 
go for walks quite a lot. I never used 
to when I had my own legs — hated 
nature and dirt — but these days I 
really enjoy it. Electricity’s a bit steep 
now, so Doug literally does the leg- 
work, pulling my body along in our 
pig-chariot, but he’s happy. I was wor- 
ried, at first, that hed resent working 
for the parasitic human grafted onto 
him, but he’s become as attached to 
me as I am to him. I got us a great lit- 
tle bungalow flat to live in and ripped 
out all the floorboards so now it’ full 
of the fresh smell of damp earth. We 
keep it clean though, Id like to point 
out. A bit of mud is all right once ina 
while to cool down but that’s not such 
an issue now he’s got me, cos unlike 
pigs, of course, I can sweat. Just one of 
our many little shared benefits. 

Turns out we like a lot of the same 
stuff. Corn, for instance. And rotten 
tomatoes. OK, that’s probably a taste 
I’ve developed more recently but 
then I don’t think I ever tried eating 
them back when I had my old stom- 
ach. Now Doug does the eating and 
when he eats rotten tomatoes we're in 
heaven! The doctors don't believe me, 
but youd be amazed at how much you 
share ina blood relationship like this. 
I discovered that pretty quickly, the 
first time Doug and I left the hospital. 
The flashbulbs of the press freaked 
him out and the adrenaline! It pumped 
straight from him into me and before I knew 
it we were both jumping about like crazies! 

So you see, that’s why the doctor won't 
be seeing us again. Oh, I’m sure he’s correct 
and this new technique will do away with the 
need for the pig, but there'll be another test 
subject. In the meantime we're locking the 
door, and he’s not coming in. 

Not by the hair on my chinny chin chin! = 


Sean Davidson is a cardiovascular 
researcher working in London who enjoys 
taking things to their illogical conclusions. 
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BRIEF COMMUNICATIONS ARISING 


Bold claims for optogenetics 


ARISING FROM J. H. Lee et al. Nature 465, 788-792 (2010) 


In a recent Letter to Nature, Lee and colleagues’ combined opto- 
genetic stimulation with functional magnetic resonance imaging 
(ofMRI) to examine the relationship between pyramidal-cell spiking 
and the blood oxygenation level dependent (BOLD) signal. To do so, 
they injected an adeno-associated viral vector into the primary motor 
cortex (M1) of adult rats to drive the expression of channelrhodopsin 
(ChR2) in cortical projection neurons, thus making them sensitive to 
light’. The authors then used combined light stimulation and functional 
magnetic resonance imaging (fMRI) to examine the effects of selective 
activation of the light-sensitive pyramidal cells on the BOLD signal, as 
well as to probe the value of this methodology for mapping brain con- 
nectivity. They found that excitation of these neurons induced positive 
BOLD signals both in the injected M1 region and in remote target 
thalamic nuclei receiving direct projections from that region, and con- 
cluded that ofMRI reliably links positive BOLD signals with increased 
local neuronal excitation. However, their analysis neglects the almost 
immediate activation of other circuits that could lead to the generation 
of BOLD signals through local perisynaptic rather than spiking activity. 
Their experiments therefore do not pin down the identity of the specific 
neuronal signals that give rise to the BOLD signal. 

To be specific, the majority of axonal collaterals of neocortical 
pyramidal cells ascend back to and synapse in the superficial layers, 
while others distribute excitation on the horizontal plane, forming a 
strongly recurrent excitatory network’. The strong input amplifica- 
tion caused by this kind of positive feedback loop is tightly controlled 
by a large variety of GABAergic interneurons’, which are interposed 
within this pyramidal network and target different neuronal sub- 
domains’. In such recurrent networks, excitation and inhibition are 
electrically inseparable, and the final response of each cortical cell is 
actually determined by all feedforward, feedback and modulatory 
synapses”. Recurrent microcircuits are not specific to sensory cortices; 
they have been evident wherever they have been sought, including the 
primary motor and premotor cortices in all studied mammals. The 
primary motor cortex is known to have extensive interlaminar and 
horizontal connectivity’, underlying the strong interactions between 
excitation and inhibition. 

The instant and unavoidable activation of local networks following 
stimulation of a single neuronal group is clearly evident also in other 
optogenetic studies. As the authors’ laboratory previously showed, 
light-induced activation of inhibitory neurons in the prefrontal and 
barrel cortices of mice drives the spikes or postsynaptic potentials of 
these neurons while inhibiting the spiking of pyramidal cells”*. In a 
similar manner, stimulation of the excitatory neurons induces both 
increases and decreases in neural activity that are followed by a similar 
characteristic undershoot (dip) immediately after light cessation’, 
clearly suggesting that pyramidal cell activation, too, instantly engages 
a broader neural network of balanced excitation-inhibition, including 
recruitment of inhibitory neurons’. 

Last but not least, Lee and colleagues observed robust BOLD res- 
ponses in M1 following antidromic stimulation of M1 axons project- 
ing to thalamus’. But previous results demonstrate that antidromic 
stimulation itself does not induce significant metabolic changes at the 
site at which the cell bodies are located, in this case, M1; increases in 
glucose use are only observed at the presynaptic terminals during 
orthodromic stimulation, but not during antidromic stimulation’®. 
Leaving aside the thalamocortical loops, the reported M1 BOLD res- 
ponse is most probably due to the activation of a large number of 
MI excitatory or inhibitory neurons through the collaterals of the 


CaMKIla-expressing pyramidal cells, again demonstrating the 
inevitable activation of entire microcircuits that drive the haemo- 
dynamic responses. Indeed, antidromic stimulation of Betz cells has 
long been shown to activate recurrent collaterals and to induce the 
sequences of excitation-inhibition characterizing recurrent micro- 
circuits'!, while antidromic stimulation of cells in layer VI of the 
primary visual cortex activates (through collaterals) neurons in layer 
IV, with a subsequent synaptic spread of activity to all layers’. 

To strengthen their claim that BOLD is driven by pyramidal cell 
spiking, the authors contrasted the BOLD maps obtained during 
pyramidal cell stimulation with those observed during stimulation 
of inhibitory parvalbumin-positive cells. Whereas pyramidal cell 
activation yielded exclusively positive BOLD responses, the activation 
of parvalbumin-positive cells gave rise to an additional zone of nega- 
tive BOLD. Yet the activation maps in these two different cases were 
obtained by using coherence (positive quantity between 0 and 1) and 
coherence-thresholded phase (with opposite phases denoting positive 
and negative BOLD) for pyramidal and parvalbumin-positive cells 
respectively, making it difficult for the reader to compare activations. 
That aside, activation of pyramidal cells or parvalbumin-positive cells 
may lead to slightly different results even though they both activate 
local microcircuits owing to differences in the sequence of synaptic 
events. Normally, inhibitory inputs lag behind the excitatory ones’ 
and this reversal of the excitatory/inhibitory postsynaptic potential 
(EPSP/IPSP) order during parvalbumin-positive cell excitation may 
engage an unusually strong feedforward inhibition that results in 
slightly different BOLD responses. Such differences cannot be used 
to ascribe a special contribution of pyramidal cell activation to the 
generation of BOLD signal. 

In conclusion, neural activity directly correlates with the BOLD 
signal’*. The optogenetic methodology of the Lee et al. paper’ cannot 
elucidate details of the relationship between stimulus- or task-selective 
neuronal activity and {MRI signals’ because the selectivity of the latter 
for subtypes of pyramidal cells is unknown, and indeed may not even 
exist. 

Optogenetics is a promising methodology that is currently causing 
a great deal of justified enthusiasm in the field of neuroscience. Any 
new methodology, however, should be applied with extreme caution, 
and its limitations with respect to tested scientific hypotheses must be 
constantly evaluated to avoid drawing unjustified conclusions that 
could eventually harm both the field and specific methodology. A 
large number of fMRI studies made this very mistake and by ignoring 
the method’s limitations, ultimately drew conclusions that went far 
beyond the capabilities of the technology. It must be our top priority 
to avoid making analogous mistakes in the field of optogenetics. 
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REPLYING TO N. K. Logothetis Nature 468, doi:10.1038/nature09532 (2010) 


This is a welcome opportunity to discuss ofMRI, a technology for 
testing the causal and global impact of defined cell populations in vivo’. 
The accompanying Comment’ reviews well-known neuroanatomy, but 
does seem, in its entirety, to be founded on a suggestion that, after 
experiments were conducted to drive a defined circuit element and 
measure resulting BOLD signals’, we concluded that no other contri- 
butory circuit element was recruited by the driven population. This was 
not the case, however, as correctly understood by others in the fMRI 
community’ and as explained in the paper (for example, “contribu- 
tions from additional cells and processes downstream of the defined 
optically triggered population are expected and indeed represent an 
important aspect of this approach”'). Moreover, the complexity of 
the brain dictates that such possible contributory mechanisms are more 
numerous than listed in the Comment’, including many other circuit 
and feedback mechanisms and classes of cells within neural circuitry~. 
As was discussed’, this is one of the most important and useful aspects 
of the ofMRI approach. 

In genetics, when gain- or loss-of-function of a gene results in 
changes in the organism, it is not concluded that no other genes are 
involved in expression of phenotype; rather, it is essential that causal 
alteration of a gene trigger other events that give rise to phenotype. 
This principle does not diminish the value of genetics (for example, 
artificially overexpressing Antennapedia” is a paradigmatic, specific 
gain-of-function causal intervention that suffices to trigger antenna- 
to-leg transformation—a complex biological phenotype requiring a 
host of downstream effector genes). Optogenetics in this regard is no 
different from genetics. Controlling spikes in targeted neurons allows 
testing for causal impact of those defined events in target cells for 
triggering complex phenotypes—always (as with homeotic genes) 
through events in downstream effectors. 

We found that directly exciting spatially and genetically defined local 
cortical excitatory neurons triggered BOLD responses that faithfully 
captured all of the phase- and timing-relationships of the complex 
dynamics of previously measured sensory-triggered BOLD’. These 
results show that it is unnecessary to invoke processes not initiated by 
spiking of local, excitatory neurons to explain the complexity of BOLD 
signal dynamics, and provide a causal (rather than correlative) demon- 
stration that coordinated spikes in genetically and spatially defined cells 
are sufficient to elicit all phases of the BOLD signal including delay, rise, 
decay, undershoot and recovery. 

These results therefore illuminate the causal contributions of 
defined circuit elements and their activity patterns to fMRI BOLD 
signal generation, which the {MRI community has found to be of 
interest*°. But as we emphasized’, this is only the first step; much work 
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remains, including testing for the necessity of various circuit elements 
in distinct phases of BOLD responses in many experimental settings. 
The diversity of events leading to haemodynamic responses will vary 
among systems®*"°, and systematically exploring this complexity with 
specific, causal and non-correlative interventions is now feasible with 
ofMRI. As we concluded, ofMRI provides “tools and approaches for 
further probing and defining the causal generation of BOLD signals”’. 

We also capitalized on axonal trafficking of microbial optogenetic 
proteins by illuminating photosensitive axons’** rather than cell 
bodies. To motivate this experiment, we noted that “ofMRI raises 
the current possibility of globally mapping the causal roles of these 
cells, accessing them by means of connection topology—that is, by 
the conformation of their functional projection patterns in the 
brain”’. This experiment was therefore not conducted to prove that 
only antidromic drive could give rise to the resulting BOLD signal (as 
incorrectly suggested in the Comment’), but explicitly instead to 
develop an ofMRI technology for using axons to recruit their source 
cells both antidromically and orthodromically along with the result- 
ing downstream targets, to map globally “the causal effects of specific 
cell types defined not only by genetic identity and cell body location, 
but also by axonal projection target”’. We explained that “ChR2 
readily triggers spikes in illuminated photosensitive axons that both 
drive local synaptic output and back-propagate throughout the axon 
to the soma of the stimulated cell”’, reported that stimulation under 
ofMRI of ChR2-expressing axonal fibres (as the only photosensitive 
local circuit element) was “sufficient to elicit BOLD responses in 
remote areas”!, and concluded in full that these results “illustrate 
the feasibility for in vivo mapping of the global impact of cells 
defined not only by anatomical location and genetic identity, but 
also by connection topology”’. 

Specificity may also be obtained by targeting cells in other ways for 
ofMRI—for example, light may be delivered to genetically and spatially 
defined somata’, allowing for mapping of global impact in a manner 
not feasible with microelectrodes. Consider electrical stimulation of a 
neuromodulatory brain structure, with the goal of visualizing global 
neuromodulator-dependent effects*. Classical limitations confound 
this experiment, because electrodes will directly drive nontargeted 
fibres-of-passage and distant nontargeted cells that happen to have 
axonal projections or collaterals near the electrode (along with their 
distant axonal collaterals and resulting postsynaptic partners), and 
electrodes will also directly drive most local cell types (not just the 
neuromodulatory cells) in the stimulated region. This nonspecificity 
prevents global mapping of the causal influence of the cells under 
investigation; of MRI now overcomes this problem’”. 


©2010 Macmillan Publishers Limited. All rights reserved 


BRIEF COMMUNICATIONS ARISING 


As we demonstrated’, specific local cells (or if desired, specific distant 
cells defined by axonal origin and trajectory') can now be directly 
activated for global, causal of MRI mapping, and any additional activa- 
tion of other circuit elements is appropriately dictated entirely by the 
functional output of the targeted components of the investigated circuit. 
Noted in the {MRI community**, this “combination of optogenetics 
and fMRI permits, for the first time, investigation of genetically 
specified, large-scale networks in the brains of live animals’. 
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Snapshots of cooperative atomic motions in the 
optical suppression of charge density waves 


Maximilian Eichberger'*, Hanjo Schafer'*, Marina Krumova’, Markus Beyer’, Jure Demsar'*, Helmuth Berger’*, 


Gustavo Moriena”®, German Sciaini?°* & R. J. Dwayne Miller®® 


Macroscopic quantum phenomena such as high-temperature 
superconductivity, colossal magnetoresistance, ferrimagnetism 
and ferromagnetism arise from a delicate balance of different 
interactions among electrons, phonons and spins on the nano- 
scale’. The study of the interplay among these various degrees of 
freedom in strongly coupled electron-lattice systems is thus crucial 
to their understanding and for optimizing their properties. 
Charge-density-wave (CDW) materials’, with their inherent 
modulation of the electron density and associated periodic lattice 
distortion, represent ideal model systems for the study of such 
highly cooperative phenomena. With femtosecond time-resolved 
techniques, it is possible to observe these interactions directly by 
abruptly perturbing the electronic distribution while keeping track 
of energy relaxation pathways and coupling strengths among the 
different subsystems*’. Numerous time-resolved experiments 
have been performed on CDWs*, probing the dynamics of the 
electronic subsystem. However, the dynamics of the periodic lattice 
distortion have been only indirectly inferred’*. Here we provide 
direct atomic-level information on the structural dynamics by 
using femtosecond electron diffraction’ to study the quasi two- 
dimensional CDW system 1T-TaS3. Effectively, we have directly 
observed the atomic motions that result from the optically induced 
change in the electronic spatial distribution. The periodic lattice 
distortion, which has an amplitude of ~0.1 A, is suppressed by 
about 20% on a timescale (~250 femtoseconds) comparable to half 
the period of the corresponding collective mode. These highly 
cooperative, electronically driven atomic motions are accompan- 
ied by a rapid electron-phonon energy transfer (~350 femtose- 
conds) and are followed by fast recovery of the CDW (~4 
picoseconds). The degree of cooperativity in the observed struc- 
tural dynamics is remarkable and illustrates the importance of 
obtaining atomic-level perspectives of the processes directing the 
physics of strongly correlated systems. 

1T-TaS, is one of the most-studied quasi-two-dimensional CDW 
systems’*””, It has a simple crystalline structure, consisting of planes of 
hexagonally arranged tantalum (Ta) atoms, sandwiched by two sul- 
phur (S) layers coordinating the central Ta atom in an octahedral 
arrangement'*””. In the low-temperature CDW phase, the conduction 
electron density becomes modulated, modifying the forces among the 
ions and generating a periodic lattice distortion (PLD) with a peri- 
odicity of ~12 A. This effect is illustrated in Fig. 1a, b together with 
the corresponding potential energy surfaces, U(Q), where Q is the 
generalized coordinate of the atomic displacements. The correspond- 
ing changes in U(Q) result ina shift of the equilibrium atomic positions 
to introduce a PLD. In 1T-TaS,, the transition from its metallic, 
unmodulated, phase to an incommensurate CDW phase (ICP) happens 
at 550K. At 350K, a transition toa nearly commensurate CDW phase 
(NCCP) occurs, where the amplitude of the PLD increases abruptly 


from 0.03 to 0.1 A and the CDW wavevector undergoes a sudden 
angular rotation from ¢=0° to ~12.3° with respect to the fun- 
damental lattice vector of the host (unreconstructed) lattice. Finally, 
a transition to a commensurate CDW phase (CCP) takes place at 
180K, with ¢ = 13.9° and a V/13 x 13 periodicity’. This phase 
transition is characterized by the appearance of the gap throughout 
the Fermi surface, and is argued to be due to Mott localization”. The 
appearance of the ICP can be described by the standard Peierls model’. 
According to this, in low-dimensional systems the divergence in the 
static electronic susceptibility at the wavevector 2k;, connecting par- 
allel Fermi surfaces at k; and —k; (where kg is the Fermi wavevector), 
gives rise to an instability of conduction electrons against the formation 
of the electron density modulation. Indeed, the comparison of the 
topology of the Fermi surface with parallel sections that can be con- 
nected by the modulation wavevector favours the standard Peierls 
model for the emergence of the ICP'*'*. The nature of the CCP and 
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Figure 1 FED data in the NCCP in 1T-TaS3. a, b, Schematic real-space 
images of Ta atoms and the electron density in the metallic (a) and the CDW 
(b) states together with the corresponding potential energy, U, as a function of 
generalized coordinate, Q. c, The diffraction pattern of 1T-TaS, at 200K 
(intensity is shown on a logarithmic scale in arbitrary units). Each Bragg 
reflection is surrounded by six first-order CDW reflections at the scattering 
wave-vectors q;, which each has an out-of-plane component of +1/3c* (red and 
blue circles, respectively, in inset). The projections of the q; on the basal plane, 
with a modulus of ~0.28a*, are tilted away from the closest fundamental lattice 
vector by an angle ¢ ~ 12.3°. d, Magnified view of the diffraction intensity (J) 
near the (210) Bragg peak (see box in c; for presentation purposes the 
diffraction image was symmetrized with respect to the six-fold axis). The 
secondary CDW reflections at the wavevector corresponding to the difference 
of the wavevectors of the first-order CDW peaks” are clearly resolved. 
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the NCCP, as well as of the ICP-NCCP and NCCP-CCP transitions, is, 
however, still under debate’*. Recently, 1T-TaS, received additional 
attention owing to the observation there of superconductivity below 
5 K under high pressure’. 

In this study, we investigated the structural dynamics of the PLD in 
30-nm-thick, free-standing slices of 1T-TaS,. We performed femto- 
second electron diffraction (FED) experiments in transmission geo- 
metry along the c axis, that is, perpendicular to the TaS, layers. The 
films were photoexcited with 140-fs optical pulses, and 50-keV elec- 
trons, in bursts of =250 fs, were used to monitor the structural changes 
by recording time-delayed diffraction patterns. The diffraction pattern 
of the NCCP (200K) recorded in this set-up is shown in Fig. 1c 
together with the assignment of some of the scattering vectors. The 
intense peaks are the Bragg reflections of the host lattice. Each of the 
Bragg peaks is surrounded by six weak satellite peaks originating from 
the PLD, with modulation wavevectors q; (ref. 21), illustrated in Fig. 1c 
(inset) and Fig. 1d. 

Figure 2a—-e shows the time evolution of the relative change of the 
diffraction signal in the vicinity of a Bragg peak, following photoexci- 
tation. The corresponding traces of the relative changes in the Bragg 
peaks (Alprage/Ipragg), the inelastic background (Albcxg/Ibckg) and the 
CDW peaks (Alcpw/Icpw) are shown in Fig. 2f (see also Sup- 
plementary Fig. 3). The intensity of the CDW peaks (the satellites of 
the Bragg peaks), Icpw; is suppressed by ~30% on the timescale of 
hundreds of femtoseconds. The corresponding suppression of the PLD 
gives rise to more-efficient scattering into the Bragg reflections of the 
host lattice, manifested by an increase of the Bragg peak intensity, 
Tprages by ~15%. In the CDW state, the presence of the PLD suppresses 
Tpragg Similarly to the effect of thermally induced disorder; that is, the 
presence of PLD can be looked upon as an effective Debye-Waller 
effect. The decrease in Icpw and the accompanying increase in Ipragg 
thus illustrate a cooperative phenomenon in which the optically 
induced redistribution of electron density efficiently decreases the 
PLD amplitude. Because Icpw is proportional to the square of the 
atomic displacements”, the resulting suppression of Icpw; by ~30%, 
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corresponds to ~16% change in atomic displacements (~0.02 A). 
Following the initial increase, Ipragg is found to partially recover on 
the 350-fs timescale. This recovery is accompanied by an increase in 
the inelastic background intensity, I,..g—see the intensity changes in 
the area indicated by the circle in Fig. 2e for the frames between 300 
(Fig. 2c) and 5,800 fs (Fig. 2e). This process can be attributed to the 
generation of phonons with non-zero momentum (q # 0); hence, Ipragg 
is reduced owing to the conventional Debye-Waller effect, leading to 
an increase in the inelastic background. 

A noteworthy feature of the data shown in Fig. 2f, and elaborated on 
in Fig. 3a, is the apparent difference between the dynamics of Alprage/ 
Ipragg and Alcpw/Icpw. Although the maximum in Ipragg is reached at 
a time delay of ~300 fs (Fig. 3a, dashed vertical line), the minimum in 
Icpwis reached at a time delay of ~500 fs (Fig. 3a, solid vertical line), at 
which point Ipragg has decreased from its maximum. This difference 
can be naturally explained by considering the effects of both the sup- 
pression of the PLD and the increase in the qg ¥ 0 phonon population 
on the two diffraction intensities. For the case of Ip;agg, the first effect 
gives rise to its increase as the periodicity of the host lattice is enhanced, 
and the increase in the q #0 phonon population (the Debye-Waller 
effect) has the opposite effect. Indeed, from the fast recovery of Ipragg 
and the corresponding increase in Ipcxg it follows that the energy 
transfer from electrons to q #0 phonons in 1T-TaS, takes place on 
the timescale of a few hundred femtoseconds (te_p, ~ 350 fs). For 
Icpw, both the displacive excitation of highly correlated atomic 
motions and phonon-induced disorder contribute to its suppression, 
explaining the longer timescale on which the minimum of Icpw is 
reached. 

It is instructive to compare the structural dynamics data with those 
of the electronic subsystem. We have performed all-optical pump- 
probe measurements, where the dynamics are mainly sensitive to 
the changes in the electronic properties. The photoinduced reflectivity 
change (Fig. 2g) shows a rapid onset on the 100-fs timescale, followed 
by a fast recovery with a decay time of 150 fs and subsequent slower 
decay with a relaxation time of ~4 ps, which is nearly identical to the 


Al/| Figure 2 | Time evolution of the diffraction 
intensities following photoexcitation with a 
fluence of 2.4mJ cm”. a-e, Evolution of Bragg, 
CDW and inelastic background intensities 
illustrated as relative change in the diffraction 
pattern at several time delays following 
photoexcitation with a fluence of 2.4mJ cm * anda 
photon energy of 3.2 eV (see also Supplementary 
Fig. 4 and Supplementary Information). These 
images were obtained by averaging (area enclosed by 
the box in Fig. 1d) over all individual Bragg 
reflections to increase the signal-to-noise ratio. The 
circle in e represents the area over which the inelastic 
background intensity was monitored. 

f, Corresponding dynamics of AIprage/ Ipraggs Alcpw/ 
Icpw and Alpcrg/Ibexg With fits to the data (dashed 
lines) and the extracted timescales. The suppression 
of the PLD, that is, the CDW peak intensity at 
negative time delays, is due to an increase in the 
sample temperature caused by the photoexcitation 
pulse train (accumulative heating). The initial drop 
in Ibckg is an artefact, a result of the decrease in the 
diffraction intensity of the nearby CDW peaks, 
whose tails extend well into the region where the 
inelastic background was evaluated (e). g, Dynamics 
of the differential reflectivity change, AR/R, at 

1.55 eV (800 nm), recorded at the same initial 
temperature and the same excitation energy density, 
together with the fit (dashed line). The signal has 
been offset vertically for presentation purposes. The 
oscillatory response corresponds to the coherently 
excited amplitude mode at 2.3 THz and phonon 
mode at 2.1 THz (refs 9, 11, 21). Inset, fast Fourier 
transform (FFT) of the oscillatory component. 
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CDW recovery time observed in the FED studies. The short decay 
timescale is identical to the one obtained in the NCCP by time- and 
angle-resolved photoemission spectroscopy” (tr-ARPES) and can be 
attributed to the electron-phonon energy transfer. Because the electron- 
phonon scattering rate is strongly momentum dependent ( « 1/q), it is 
quite natural to observe shorter time constants in optics and tr- ARPES 
than in FED. In the former experiments the signal is dominated by the 
energy transfer to q ~ 0 phonons, whereas in the latter the behaviour of 
Tragg ANA Iyexg is governed by the population of large-q phonons. In the 
optical data, owing to their high signal-to-noise ratio, in addition to the 
electronic response a weak oscillatory signal is observed. The main mode 
observed at 2.3 THz is the totally symmetric amplitude mode”''” of the 
CDW, whose amplitude is apparently smaller than the noise level in the 
FED data. 

Despite the fact that a large amount of energy is transferred to 
phonons on the subpicosecond timescale, the system is not yet in 
thermal equilibrium 1 ps after photoexcitation. The recovery of the 
PLD amplitude is clearly observed in Ipragg and Icpw. This timescale 
is well decoupled from both subpicosecond timescales. By fitting the 
recovery of Icpw with an exponential decay, we obtain a CDW recovery 
time of Tree = 4 ps. As this timescale is much longer than the oscillation 
period of the amplitude mode, it is reasonable to assume that the 
electronic part of the order parameter follows the PLD on the 
aforementioned timescale. Here the process that governs the CDW 
recovery dynamics is the thermalization with the longer-wavelength 
acoustic phonons by means of anharmonic phonon decay. Indeed, the 
characteristic linewidths of the low-energy optical phonons” are about 
10cm_ |, corresponding to lifetimes of 3 ps. The two distinct relaxation 
timescales, one of the order of 100-fs and the other of several picose- 
conds, are commonly observed in optical experiments in CDWs*””. 
From the direct structural dynamics and optical data on 1T-TaS,, we 
can conclude that the longer timescale describes the recovery of the 
coupled electron-lattice order parameter and that the shorter timescale 
corresponds to the partial recovery of the electronic part alone”. 

To determine the time constant for the electronic suppression of the 
PLD, which leads to an increase in Ipragg, we analysed its dynamics. By 
fitting (Supplementary Fig. 5 and Supplementary Information) the 
Tpragg trace, taking into account the finite optical and electron pulse 
widths, we determined a timescale of t.ypp + 250 + 70 fs for the PLD 
suppression. 


LETTER 


Figure 3 | Early time dynamics and emerging 
time evolution of the CDW state in 1T-TaS, on 
photoexcitation. a, Data were recorded with a 40-fs 
time step at two excitation fluences, and compared 
with the optical AR/R data. The maximum induced 
changes in the Bragg (dashed vertical line) and CDW 
(solid vertical line) peaks were achieved ~300 fs and, 
respectively, ~500 fs after photoexcitation. b, The 
evolution of the real-space structure of the Ta plane 
of 1T-TaS, following photoexcitation with an intense 
optical pulse (circles represent Ta atoms and blue 
shading represents the density of conduction 
electrons; the amplitudes are strongly exaggerated). 
Before photoexcitation (t~ —1 ps), the Ta atoms are 
periodically displaced from their pure 1T structure, 
forming a nearly commensurate CDW. Intense 
perturbation of the electronic system gives rise to 
smearing of the electron density modulation 

(t ~ 0.1 ps), driving the lattice towards the 
undistorted state (at t~ 0.3 ps, the hexagonal 
symmetry of the pure 1T phase is nearly recovered). 
In parallel, the energy is transferred from the 
electronic subsystem to phonons on the 300-fs 
timescale, resulting in recovery of the electron density 
modulation and thermal disordering of the lattice 
(t~ 1 ps). The CDW order is recovered at t ~ 4 ps, 
after which time the sample is thermalized at a 
somewhat higher temperature. 
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Information complementary to the above findings comes from con- 
sidering the energy flow following photoexcitation. In the experiments 
with fluences F = 2-4 mJ cm *,no signature of the NCCP-ICP transi- 
tion is observed. Only at F = 4.8 mJ cm * is the photoinduced NCCP- 
ICP transition realized (Supplementary Fig. 6 and Supplementary 
Information), as demonstrated by a strong suppression of the CDW 
peak intensity and a rotation of the primary CDW wavevectors, q;, by 
¢ ~ 10°. Using the literature values of the optical constants and the 
overall specific heat (Supplementary Information), we obtained a tem- 
perature increase of ~180K at F= 4.8 mJcm ~. This implies that the 
energy needed to drive the phase transition is comparable to the energy 
required simply to heat the sample across the phase transition. The 
rapid energy transfer from the electronic system to phonons 
(Te-ph ~ 150-350 fs), which is competing with the electronically driven 
PLD suppression process (supp ~ 250 fs), and the fact that the elec- 
tronically excited symmetric amplitude mode does not map into the 
rotation of the CDW wavevector, suggest that the NCCP-ICP transi- 
tion can be driven only thermally. 

The direct structural information obtained with FED, supported by 
time-resolved optical and published tr-ARPES" data, enabled us to 
elucidate the dynamics of the coupled electron-lattice order parameter 
(Fig. 3b). Strong photoexcitation and subsequent electron-electron 
scattering creates a high density of electron-hole pairs within 
=100 fs, raising the effective electronic temperature to several thou- 
sand kelvin. The electronic modulation is thereby strongly sup- 
pressed, modifying the potential energy surface U(Q). The collapse 
of the double-well potential brings about highly cooperative atomic 
motions towards a new quasi-equilibrium. This coherent process is, 
however, accompanied by the rapid recovery of the double-well 
potential due to cooling of the electronic subsystem through the 
electron-phonon scattering, which also takes place on the subpico- 
second timescale*’. The resulting suppression of the PLD ampli- 
tude, by ~20% (0.02 A), happens within a time of tyupp ~ 250 + 70 fs, 
that is, about half the period of the amplitude mode, ~440 fs (refs 9, 
11). After a time delay of t ~ 300 fs, the periodicity of the underlying 
lattice has increased and the amplitude of the PLD has decreased. By 
t ~ 1 ps, the electronic modulation has been largely recovered and the 
electrons have transferred the energy to q # 0 phonons, randomizing 
the atomic motions. Finally, the coupled electron-lattice order para- 
meter recovers on the timescale of ~4 ps, when the excess energy is 
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redistributed by further thermalization with low-energy acoustic 
phonons. 

These results demonstrate the extreme robustness of the PLD in 1T- 
TaS, against electronic excitation triggered by a femtosecond optical 
pulse. By contrast, in the insulating CCP the gap is fully suppressed" at 
only one-tenth of the absorbed energy density used in our study. The 
large difference in the two energy densities presents a strong argument 
that the NCCP-CCP transition is indeed Mott driven'’”’. 

The present work illustrates the importance of directly observing 
atomic motions on timescales short enough to follow even the effect of 
non-equilibrium electronic distributions on strongly correlated lattice 
dynamics. In this respect, the introduction of table-top FED systems*** 
with sufficient brightness and time resolution**”® is opening new path- 
ways to the investigation of a myriad of cooperative systems in which 
electron-lattice correlations have an important role***°. In systems 
with reduced dimensionality, such as quasi-one-dimensional and 
quasi-two-dimensional systems, in which structural changes have a 
predominantly in-plane character, the use of FED may be particularly 
advantageous. Because information about structural dynamics over the 
entire two-dimensional Brillouin zone is obtained in a single experi- 
mental run by FED, it is easy to distinguish between different processes 
that give rise to changes in the diffraction intensities, as in the case of 
1T-TaS;. Moreover, with further instrumental improvements, for 
example an increase in the signal-to-noise ratio, FED could be used 
to find signatures of lattice modulations, which may be difficult to 
determine by means of static diffraction methods, much like modu- 
lation optical spectroscopy is used to determine the electronic band 
structure in solids. 


METHODS SUMMARY 


In the present study, we used electron bunches of =250-fs duration containing 
4,000 electrons, each of which had a kinetic energy of 50 keV. The electron beam 
(spot size, 150 um) was collimated by a magnetic lens to scatter from the sample 
and generate a diffraction pattern downstream. The diffraction patterns formed on 
a phosphor screen after being intensified by a multichannel plate, and were 
recorded using a charge-coupled-device camera. The background pressures were 
10° and 10’ mbar in the electron gun and the sample chamber sections, respect- 
ively. We made the measurements in transmission mode at a repetition rate of 
1 kHz. In this geometrical configuration, spatiotemporal mismatch and surface 
charging effects are negligible. The electron pulse duration was characterized using 
a recently developed electron/laser-pulse cross-correlation method based on pon- 
deromotive scattering and N-body simulations. Photoinduced structural changes 
were initiated by 387-nm, 140-fs pump pulses focused to a spot with a full-width at 
half-maximum of 350 jim. The overall instrumental response time was 240-290 fs. 
The sample temperature, of 200 K, was achieved by using a cold finger attached to 
a well-conducting sample holder made of oxygen-free copper. We measured the 
temperature in situ using a calibrated temperature sensor. The 30-nm-thick, sin- 
gle-crystalline 1T-TaS, slices, ~200 um X 200 um in size (Supplementary Figs 2 
and 3), were obtained by cleaving a thicker single crystal using an ultramicrotome. 
The slices were picked up from the water surface using a host copper mesh. All- 
optical measurements were performed in reflection geometry using 60-fs optical 
pulses (carrier wavelength, 800 nm) at a repetition rate of 100 kHz. FED and all- 
optical experiments were carried out with the same excitation energy density and 
under the same sample temperature conditions. 
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Tumour vascularization via endothelial 
differentiation of glioblastoma stem-like cells 
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Glioblastoma is a highly angiogenetic malignancy, the neoformed 
vessels of which are thought to arise by sprouting of pre-existing 
brain capillaries. The recent demonstration that a population of 
glioblastoma stem-like cells (GSCs) maintains glioblastomas’” 
indicates that the progeny of these cells may not be confined to 
the neural lineage’. Normal neural stem cells are able to differentiate 
into functional endothelial cells*. The connection between neural 
stem cells and the endothelial compartment seems to be critical in 
glioblastoma, where cancer stem cells closely interact with the vas- 
cular niche and promote angiogenesis through the release of vas- 
cular endothelial growth factor (VEGF) and stromal-derived factor 
1 (refs 5-9). Here we show that a variable number (range 20-90%, 
mean 60.7%) of endothelial cells in glioblastoma carry the same 
genomic alteration as tumour cells, indicating that a significant 
portion of the vascular endothelium has a neoplastic origin. The 
vascular endothelium contained a subset of tumorigenic cells that 
produced highly vascularized anaplastic tumours with areas of vas- 
culogenic mimicry in immunocompromised mice. In vitro culture 
of GSCs in endothelial conditions generated progeny with pheno- 
typic and functional features of endothelial cells. Likewise, orthoto- 
pic or subcutaneous injection of GSCs in immunocompromised 
mice produced tumour xenografts, the vessels of which were 
primarily composed of human endothelial cells. Selective targeting 
of endothelial cells generated by GSCs in mouse xenografts resulted 
in tumour reduction and degeneration, indicating the functional 
relevance of the GSC-derived endothelial vessels. These findings 
describe a new mechanism for tumour vasculogenesis and may 
explain the presence of cancer-derived endothelial-like cells in 
several malignancies. 

From archival material, we selected a group of glioblastomas showing 
both remarkable angiogenesis and nuclear accumulation of mutant p53 
in tumour cells (Supplementary Table 1). In 83.3% (20/24) of these 
tumours, we found cells with nuclear accumulation of mutant p53 that 
lined the lumens of capillaries and/or vascular glomeruli (Supplementary 
Fig. la and Supplementary Table 1). Double immunohistochemistry 
analysis of p53 and CD31 demostrated the endothelial phenotype of 
the p53-positive cells facing the lumen of the vessels (Supplementary 
Fig. 1b). Mouse and human tumour-associated endothelial cells can 
harbour chromosomal alterations’®’*. To assess whether a subset of 
endothelial cells showed glioblastoma-specific chromosomal aberra- 
tions, we analysed the tumour vasculature in 15 glioblastomas by com- 
bined CD31 immunofluorescence and fluorescence in situ hybridization 
(FISH) using probes for the centromere of chromosome 10 (Cep10), for 
the telomere of chromosome 19 (Tel19q), and a locus-specific probe on 
chromosome 22 (breakpoint cluster region locus q11.2; LSI22). In all the 
tumours carrying aneuploidy for one or more of these chromosomes, we 
detected a substantial fraction of endothelial cells bearing the same 


chromosomal aberrations (Supplementary Fig. 1c). Interestingly, double 
immunostaining of vascular glomeruli in glioblastoma revealed a signifi- 
cant number of GFAP* microvascular cells showing an aberrant 
endothelial/glial phenotype (Supplementary Fig. 1d). Thus, a variable 
number of endothelial cells in glioblastoma seem to originate from the 
tumour. To quantify the contribution of tumour-derived endothelial 
cells to glioblastoma vasculature, we used FISH to analyse purified 
CD31*/CD144~ (VE-Cadherin” ) endothelial cells from freshly disso- 
ciated glioblastoma specimens (Fig. 1a). Again, we detected CD317/ 
CD144* endothelial cells that shared the same chromosomal altera- 
tions as the tumour cells in any given glioblastoma harbouring aberra- 
tions of chromosomes 10, 19 and 22 (Fig. 1b and Supplementary 
Table 2). The amount of endothelial cells with tumour-specific 
chromosomal changes ranged between 20 and 90% of the sorted cells 
(mean 60.7 + 28.1 standard deviations (s.d.)). 

We assessed further the phenotype of sorted CD31*/CD144° glio- 
blastoma cells by immunofluorescence, which showed that the vast 
majority of these cells (83.9 + 4.2%; range 79-90%) expressed the 
mature endothelial cell marker von Willebrand factor (vWF), although 
a substantial proportion of them (30.9 + 21.3%; range 10-76%) co- 
expressed vWF and GFAP (Fig. 1c, d). Thus, it seems that the CD317/ 
CD144* cells harbouring chromosomal aberrations are glioblastoma- 
derived endothelial cells that either differentiated towards the canonical 
endothelial lineage (GFAP ) or showed a mixed endothelial/glial 
phenotype (GFAP*), whereas the euploid fraction is likely to represent 
endothelial cells derived from normal brain vessels. In vitro experi- 
ments using a microvascular culture of fresh CD31~ cells isolated 
by magnetic microbeads from glioblastoma samples confirmed the 
existence of endothelial cells with aberrant GFAP expression (Sup- 
plementary Fig. 2a—c), as well as the presence of a substantial number 
of aneuploid endothelial cells (Supplementary Fig. 2d, e). Grafting of 
freshly purified CD31*/CD144* cells showed that three of five glio- 
blastomas contained tumorigenic endothelial cells that produced highly 
vascularized anaplastic tumours (Supplementary Fig. 3a—c). These cells, 
however, lost their tumorigenic activity on in vitro culture with 
endothelial medium (Supplementary Fig. 3a). 

Although there is no general agreement on the definiton and markers 
identifying so-called cancer stem cells, there is good evidence that GSCs 
can be enriched by the use of anti-CD133 antibodies or through the 
generation of clusters of undifferentiated cells (neurospheres) in serum- 
free media containing epidermal growth factor (EGF) and basic fibro- 
blast growth factor (FGF)**”"*"*. We demonstrated recently that GSCs 
can differentiate into mesenchymal cells, giving rise to osteoblastic and 
chondrocytic cells*. To determine the potential contribution to the 
angiogenic process of GSCs, we cultivated glioblastoma neurospheres 
and primary glioblastoma differentiated cells under endothelial condi- 
tions, or CD133*/CD31 and CD133 /CD31 cells derived from the 
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Figure 1 | Microvascular endothelial cells isolated from glioblastoma 
harbour tumour-specific chromosomal aberrations. a, CD31*/CD144° 
cells were isolated from surgical glioblastoma specimens (n = 15). FITC, 
fluorescein isothiocyanate; PE, phycoerythrin. b, Sorted cells were analysed by 
interphase FISH assay for tumour-specific chromosomal changes, such as 
monosomy of Cep10 (left, arrows) or polisomy of Tell19 and LSI22 (right). 


same tumours. Whereas cells enriched in GSCs generated micro- 
vascular cultures of CD31 and Tie2™ cells, neither differentiated cells 
nor the U87MG cell line were able to produce endothelial-like cells 
(Fig. 2a). Such GSC-derived endothelial cells showed considerable 
tube-forming ability, together with low-density lipoprotein (LDL) 
uptake and endothelial nitric oxide synthase (eNOS) expression, which 
were completely absent in differentiated tumour cells and in the 
U87MG cell line (Fig. 2b-d and Supplementary Fig. 4). Unsupervised 
gene-expression analysis of glioblastoma and endothelial cells showed 
that neural-differentiated glioblastoma cells and normal endothelial 
cells constitute the two more distant groups in a dendrogram in which 
tumour endothelial cells cluster between normal endothelial cells and 
glioblastoma neurospheres (Supplementary Fig. 5). 

To investigate the ability of GSCs to form endothelial vessels in vivo, 
we measured the relative amount of murine versus human endothelial 
cells within glioblastoma neurosphere xenografts (Fig. 3a). Flow cyto- 
metry analysis with human- and mouse-specific antibodies showed 
that about 70% of the CD31” cells from the inner portion of the 
tumour were of human origin, whereas nearly all the CD31“ cells in 
the tumour capsule were murine (Fig. 3b). Likewise, human CD144* 
cells were detected only in the core and not in the tumour capsule 
(Fig. 3b). Immunohistochemistry of subcutaneous and intracranial 
xenografts showed that glioblastoma neurosphere-derived tumours 
contained human vessels labelled by human-specific anti-CD31, 
whereas xenografts generated with U87MG or other glioma cell lines 
grown in serum did not (Fig. 3c, Supplementary Fig. 6a and data not 
shown). The presence of human-derived endothelial cells was con- 
firmed by labelling sections of tumour xenografts obtained with 
GFP* glioblastoma neurospheres with anti-GFP and anti-human 
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c, The phenotype of the CD31*/CD144" sorted cells was further analysed by 
anti-GEAP and anti-vWF immunofluorescence. A fraction of the CD317/ 
CD144* cells coexpressed GFAP and vWF (arrows), indicating an aberrant 
endothelial/glial phenotype. A minority of sorted cells were GEAP*/vWE . 
d, Quantification of results from FISH and immunofluorescence analysis. 


CD31 antibodies (Supplementary Fig. 6b). Moreover, immunofluor- 
escence staining with validated human-specific endothelial antibodies 
showed that these cells expressed consistently CD34, CD144 and 
VEGER2 (Fig. 3d) but not the stem-cell markers SSEA-1 and CD133 
(Supplementary Fig. 6c). Such human-specific endothelial antigens 
identified microvascular structures containing circulating erythrocytes 
(Fig. 3d and Supplementary Fig. 6a), indicating the functional relevance 
of human angiogenesis in the tumour xenografts. Of note, a similar 
formation of human endothelial cells was observed in subcutaneous 
xenografts obtained with the injection of freshly purified CD133*/ 
CD31 cells, whereas CD133°/CD31 cell xenografts contained only 
mouse endothelial vessels (Supplementary Fig. 7). 

To trace in vivo angiogenesis, we injected RFP-labelled glioblastoma 
neurospheres into transgenic NOD/SCID mice expressing GFP under 
the Tie2 promoter. Examination of a thick-section plane by confocal 
microscopy showed that GFP" mouse vessels were primarily outside 
the tumours (Supplementary Fig. 8a). To exclude the occurrence of 
fusion between tumour and mouse endothelial cells, we stained 
tumour xenograft sections with anti-human/mouse Tie2 and CD31 
antibodies. Although CD31 staining showed the presence of vessels 
containing both mouse and human CD31" cells at the periphery of the 
tumour, the majority of endothelial cells inside the tumour mass did 
not express mouse Tie2 and were of human origin in the absence of 
fusion (Supplementary Fig. 8b, c). Moreover, FISH analysis of nuclei 
extracted from microdissected vascular structures of GSC xenografts 
confirmed the absence of murine chromosomes in human cells 
(Supplementary Fig. 9). Together, these findings demonstrate that 
the tumour xenografts obtained by injection of human glioblastoma 
neurospheres develop an intrinsic vascular network composed by 
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Figure 2 | GSCs cultured under endothelial differentiation conditions 
develop morphological, phenotypical and functional features of endothelial 
cells. a, Flow cytometry analysis of human umbilical vein endothelial cells 
(HUVEC), glioblastoma neurospheres (GNS), primary glioblastoma cells 
cultured in serum (GDC), U87MG, CD31 /CD133* and CD31 /CD133 
cells from freshly dissociated glioblastomas. Cells were cultured under standard 
(black) or endothelial (grey) condition. Error bars represent the mean + s.d. 
(n = 4). **P < 0.001. b, Tube formation (top) and LDL-uptake (bottom) assay 
on cells under endothelial conditions as above (GNS and GDC), endothelial 


tumour cells with an aberrant endothelial phenotype. To determine 
whether the GSC-derived endothelial cells contribute to tumour 
growth, we transduced glioblastoma neurospheres with a lentiviral 
vector containing the herpes simplex virus thymidine kinase gene 
(tk) under the control of the transcription-regulatory elements of 
Tie2 (Tie2-tk; Supplementary Fig. 10a), so that the tumour-derived 
endothelial cells would be sensitive to ganciclovir'*”*. For this experi- 
ment, we selected glioblastoma neurospheres with no detectable 
expression of Tie2 (Supplementary Fig. 11). Control cells included 
glioblastoma neurospheres tranduced with an empty viral vector and 
U87MG cells transduced either with Tie2-tk or with a vector conferring 
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cells isolated from glioblastoma patients (GBM patients) and human dermal 
microvascular endothelial cells (HMVEC). Dil-ac-LDL, 1,1'-dioetadeeyl- 
3,3,3',3'-tetramethylindocarboeyanine-perchlorate-acetylated LDL. Scale bars, 
200 um (top) and 50 Lm (bottom). c, Immunofluorescence for eNOS in 
HMVEC, GNS and GDCs treated as above. Scale bar, 100 um. d, In vitro 
perfusion assay on three-dimensional glioblastoma neurosphere-derived 
endothelial culture injected with fluorescein. Scale bar, 50 1m. One 
representative of four independent experiments performed in blind is shown 
for b, c and d. 


constitutive expression of Tk (PGK-tk, Supplementary Fig. 10a). One 
week after ganciclovir administration, TdT-mediated dUTP nick end 
labelling (TUNEL) and double immunofluorescence labelling with 
anti-Tie2 antibodies in tumour subcutaneous xenografts showed 
selective apoptosis of the endothelial compartment only in animals 
injected with Tie2-tk neurospheres, whereas PGK-tk tumours con- 
tained a considerable number of apoptotic nuclei both in tumour 
and endothelial cells (Fig. 4a). Moreover, tumours generated by 
Tie2-tk neurospheres underwent a significant size reduction four 
weeks after ganciclovir administration, whereas control GSC xeno- 
grafts increased their size over the same time interval (Fig. 4b). 
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Figure 3 | Human origin of endothelial cells in glioblastoma neurosphere 
xenografts. a, Explanted subcutaneous xenograft obtained by injection of 
glioblastoma neurospheres. Detail of murine vessels on the surface of the 
xenograft (left, black arrowheads) and tumour after capsule removal (right). 
b, FACS evaluation of murine CD31*/CD45- (mCD31), human CD31 
(hCD31) and human CD 144 (hCD 144) in the capsule and core of the tumour 
(mean + s.d.,n = 4, *P < 0.05). c, Immunohistochemistry of glioblastoma 
neurosphere (GSC1) and U87MG xenografts using either an anti-human CD31 
or anti-human and murine CD31 (one out of four different glioblastoma 
neurosphere samples and serum-grown cell lines are shown). 

d, Immunofluorescence of tumour xenograft sections labelled with anti-human 
CD34 (left), anti-human CD144 (middle) or anti-human VEGFR2 (right). 
Arrows indicate circulating erythrocytes. Data represent one of four 
independent experiments obtained with different glioblastoma neurosphere 
samples. 


Histological examination revealed massive degeneration in the tumour 
xenografts developed by injection of Tie2-tk neurospheres. Four weeks 
after ganciclovir treatment, these tumours were completely devoid of 
vascular glomeruli, tiny capillaries with ongoing phenomena of 
endothelial disruption being the only residual vascular structures 
(Supplementary Fig. 10b). Although all PGK-tk tumours degenerated 
massively, U87MG Tie2-tk xenografts were not affected by ganciclovir 
treatment (Supplementary Fig. 10c, d), confirming that this cell line 
was unable to generate endothelial cells. These findings indicate that 
GSC-derived angiogenesis is essential for tumour survival. Moreover, 
mouse models based on adherent cell lines grown in serum do not seem 
suitable for the study of glioblastoma angiogenesis. 

Here we demonstrated that GSCs are able to differentiate in func- 
tional endothelial cells. Such angiogenic potential could be inherited 
from normal neural stem cells, which have been shown to differentiate 
in endothelial cells both in vitro and in vivo*. The formation of fluid- 
conducting networks by nonendothelial cells has been described for 
melanomas, sarcomas, breast, ovary, lung and prostate carcinomas'””* 
as a result of vasculogenic mimicry, which is a feature associated with a 
pluripotent gene expression pattern in aggressive tumour cells”. 
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Figure 4 | Selective targeting of glioblastoma neurosphere-derived 
endothelial cells impairs the growth of subcutaneous tumour xenografts. 
a, Double immunofluorescence using anti- TUNEL and anti-Tie2 in xenografts 
from Tie2-tk, PGK-tk and vector glioblastoma neurosphere cells one week after 
ganciclovir administration. Arrows indicate apoptotic Tie2~ (white) and Tie2~ 
(yellow) cells. b, Tumour size measured four weeks after ganciclovir 
administration in xenograft obtained from three different glioblastoma 
neurosphere samples either untransduced (wild type (WT)) or transduced with 
vector, Tie2-tk or PGK-tk. Error bars are mean = s.d. of three different 
experiments. *P < 0.005, **P < 0.001. 


The ability of cancer stem-like cells to directly contribute to the 
tumour vasculature by endothelial cell differentiation represents a 
new mechanism of angiogenesis that might not be restricted to glio- 
blastoma. A similar endothelial potential may be shared by CD44* 
cells purified from ovarian cancer”. However, the existence of tumour- 
derived endothelial cells in ovarian cancer has not been demonstrated 
yet. Endothelial-like cells with cancer-specific genomic alterations 
have been described in other tumour types, such as lymphoma and 
neuroblastoma’’. Although the angiogenic activity of cancer stem- 
like cells has not been investigated in other tumours, it is likely that the 
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endothelial cells bearing tumour-specific alterations derive from can- 
cer cells endowed with stem-cell plasticity. Likewise, the vasculogenic 
mimicry might represent an incomplete differentiation of cancer stem- 
like cells towards the endothelial lineage, as indicated by the aberrant 
mixed phenotype of glioblastoma xenografts generated by the subset of 
CD31" /CD144* cells that retain tumorigenic activity. 

Our findings may have considerable therapeutic implications. On 
the one hand, endothelial cells bearing the same genomic alteration as 
cancer cells may show a different sensitivity to conventional anti- 
angiogenic treatments, such as VEGF/VEGER targeting. On the other 
hand, our data indicate the possibility of targeting the process of GSC 
differentiation into endothelial cells, thus offering new therapeutic 
options for cancer treatment. 


METHODS SUMMARY 

Cell culture. Glioblastoma neurosphere cultures were established from freshly 
dissociated surgical specimens as described**'*. Primary cultures of glioblastoma 
differentiated cells were obtained by plating cells from freshly dissociated samples 
in DMEM-F12 medium containing 10% FBS. For primary culture of glioblastoma 
microvascular endothelial cells, CD31~* cells were purified using Miltenyi 
Microbead Kit (Miltenyi Biotech) according to manufacturer’s instructions and 
grown in endothelial basal medium (EBM Bullet kit; Biowhittaker Cambrex). 
Immunohistochemistry, immunofluorescence and flow cytometry. Immuno- 
histochemistry was performed as described’* on deparaffinized sections of 
glioblastoma tissue. For immunofluorescence, cells were fixed with 4% para- 
formaldehyde and permeabilized in 0.1% Triton X-100. Cytofluorimetric analysis 
was performed using a FACS Canto flow cytometer (Becton Dickinson). Cell 
sorting was performed with a FACS Aria cell sorter (Becton Dickinson). 
Interphase FISH and combined immunohistochemistry and FISH (FICTION). 
Single- and dual-probe interphase FISH was performed as described’. Images were 
captured using a high-resolution black and white CCD microscope camera 
AxioCam MRm REV 2 (Karl Zeiss) and analysed using AxioVision 4 multichannel 
fluorescence basic workstation (Karl Zeiss). 

Lentiviral infection. Selective targeting of the cells expressing endothelial pheno- 
type was obtained by modifying the pRRLsin.Tie2p.TKiresGFP.spre lentiviral 
vector provided by L. Naldini'*”*. Viral particle production and GSC infection 
were performed as previously described”’. 

In vivo experiments. Nude athymic and SCID mice (female, 4-5 weeks of age; 
Charles River) were used. Partially dissociated glioblastoma neurospheres were 
used for both orthotopic and subcutaneous injection, typically 10° and 5 X 10°, 
respectively. For in vivo endothelial targeting, mice were injected with Tie2-tk 
glioblastoma neurospheres into the right flank and control vector glioblastoma 
neurospheres into the left flank. After having developed bilateral nodules mice 
received ganciclovir at 50 mgkg ' day ' intraperitoneally for 5 days. Ganciclovir- 
treated mice were killed at different time points to collect samples for histology and 
immunofluorescence. 

Statistical analysis. Student’s t-test was used to analyse data using Statistica 
(version 5.5; Statsoft) or Fig.P (version 2.7; Biosoft) softwares. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Glioblastoma neurosphere isolation and characterization. Glioblastoma tissue 
specimens were obtained from adult patients undergoing craniotomy at the 
Institute of Neurosurgery, Catholic University School of Medicine in Rome. 
Informed consent was obtained before surgery according to the protocols 
approved at the Catholic University. Cells were purified through mechanical 
dissociation of the tumour tissue and cultured at clonal density in a serum-free 
medium supplemented with EGF and basic FGF as described*!”. Isolated cells 
were expanded and characterized both in vitro and in vivo. In these conditions, 
cells were able to grow in vitro in clusters called neurospheres and maintain an 
undifferentiated state, as indicated by morphology and expression of stem-cell 
markers such as CD133, SOX2, musashi and nestin. Such glioma neurosphere cells 
showed a clonal frequency higher than 10%, ability to coexpress astrocytic as well 
as neuronal phenotypic markers after serum-induced differentiation in vitro, and 
generation of glial tumours in immunodeficient mice. 

Flow cytometry, immunohistochemistry and immunofluorescence. Cell sus- 
pension obtained by mechanical dissociation of the tumour tissue from glioblastoma 
patients from the Institute of Neurosurgery (Supplementary Table 2) was passed 
through a 100-um mesh to remove aggregates and stained with fluorochrome- 
conjugated antibodies to surface antigens. After 1h of incubation on ice, cells 
were washed twice with PBS and finally resuspended in PBS or in PBS containing 
7-aminoactinomycin D (7-AAD) 5yg ml’ to assess viability. Analysis was per- 
formed using a fluorescence-activated cell sorter (FACS) Canto flow cytometer 
(Becton Dickinson). Cell sorting was performed with a FACS Aria cell sorter 
(Becton Dickinson) equipped with an automatic cloning deposition unit. Cells were 
selected on the basis of physical parameters and fluorescence and were sorted on 
sterile tubes or on slides depending on their further utilization. 

For immunoistochemistry, immunofluorescence and flow cytometry the fol- 
lowing antibodies were used: mouse anti-human CD31 (Novocastra); mouse anti- 
CD31 (Dako); rat anti-mouse CD31 (BD, Pharmingen); rabbit anti-GFAP 
(Chemicon or Dako); mouse anti-vWF (Dako); goat anti-human Tie2 (R&D 
Systems); mouse anti-human VEGFR2 (R&D Systems); rabbit anti-Tie2 (Santa 
Cruz Biotechnology); mouse anti-human CD144 (R&D Systems); mouse anti- 
SSEA-1 (R&D Systems); mouse anti-human nuclei antigen (Chemicon); rabbit 
anti-GFP (Molecular Probes) and anti-eNOS (BD, Pharmingen). Validation of 
antibody specificity for human and mouse endothelial antigens is shown in 
Supplementary Fig. 12. 

Interphase FISH and FICTION on glioblastoma sections. Single- and dual- 
probe interphase FISH was performed on histological sections of glioblastoma, on 
cell nuclei extracted from paraffin-embedded sections of glioblastoma, on cells 
sorted from glioblastoma samples, and on cultured microvascular endothelial cells 
of glioblastoma as described’. Aneuploidy was definened as loss or gain of one or 
more chromosome FISH signals. Briefly, locus-specific probes for Cep10, Tell9q 
and LSI22 were used (Vysis). Standard FISH protocols for pretreatment, hybridi- 
zation and analyses were followed according to the manufacturer’s instructions. 
Histological 4-j1m-thick paraffin sections were dewaxed with xylene and digested 
with proteinase K lug ml! in 0.002 M Tris buffered saline (TBS) for 20 min at 
room temperature (20 °C). Samples were then dehydrated in a graded ethanol 
series and subjected to FISH analysis. After specimen/probe denaturation at 73°C 
for 5 min, the probes (10 tl per slide) were applied to the slides and subsequently 
incubated overnight at 42 °C for Cep10 and at 37 °C for 10-16 h for LSI22/Tel19q. 
Post-hybridization procedure included subsequent washing in 50% formamide/ 
2 SSC (30 min at 46 °C) and 2X SSC 0.1% NP40 (5 min at room temperature). 
Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; Vector 
Laboratories). The slides were studied with an Axioplan fluorescence microscope 
(Karl Zeiss) that was equipped with the appropriate filter sets (Vysis). Images were 
captured using a high-resolution black and white CCD microscope camera 
AxioCam MRm REV 2 (Karl Zeiss). The resulting images were reconstructed with 
green (FITC), orange and blue (DAPI) pseudocolour using AxioVision 4 multi- 
channel fluorescence basic workstation (Karl Zeiss) according to the manufac- 
turer’s instruction. Glioblastoma sorted cells were fixed in a solution of methanol 
and acetic acid (3:1) for 10 min and then processed for FISH as described. 

Laser capture microdissection of vessels from GSC-derived xenografts. We 
isolated the vascular structures of tumour xenografts using the Laser Capture 
Microdissection (LCM) System (PixCell Ie, Arcturus; distributed by Euroclone). 
LCM was performed on CD31-immunostained (M-20, Santa Cruz Biotechnology) 
paraffin sections (10-11m thick) of tumour xenografts. For each sample, laser power 
(50-70 mW) and laser duration (1-1.2 ms) were adjusted. The microdissected 
tissue was then transferred to an LCM cap and the cells were incubated in 100 ml 
digestion buffer (0.005% proteinase K in tris(hydroxymethyl)aminomethane 
(TRIS) 0.05M pH 7). Endothelial cell nuclei were isolated using the NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) following 
manufacturer recommendations. Successively, nuclei were washed with PBS and 


fixed in a solution of methanol/acetic acid (3:1). Eight millilitres of nuclei suspen- 
sion were placed on a positive charged slide and were dried in a 65 °C oven for 
30 min. 

FISH on cell nuclei extracted from tumour xenografts. To distinguish human 
endothelial cells from mice cells, we performed FISH analyses using locus-specific 
probes for Cep10 (Vysis) and a Cy3-conjugate mouse pan-centromeric chro- 
mosome (Cambio). FISH protocols for the Cep10 probe were performed as previ- 
ously described, whereas for the mouse pan-centromeric probe we followed the 
manufacturer’s instructions. Briefly, after enzymatic digestion with 4mgml! 
pepsin in NaCl 0.9% pH 1.5 for 20 min at 37 °C, the nuclei were denatured in 
70% formamide in 2X SSC for 2min at 70 °C, and were subsequently immersed in 
ice-cold 70% ethanol and dehydrated through a series of alcohol washes at 79%, 
90% and 100%. The probe was denatured for 10 min at 85°C and immediately 
chilled on ice. After specimen/probe denaturation, probe was applied to the slide 
and subsequently incubated overnight at 37 °C. After washing, nuclei were then 
counterstained with DAPI (Vectashield mounting medium with DAPI; Vector 
Laboratories). 

Isolation and culture of human glioblastoma microvascular endothelial cells. 
Glioblastoma tissue specimens were stored in medium M199 (Gibco) containing 
penicillin 100Um1' at 4 °C for less than 24 h before processing. After several washes 
with PBS/antibiotics, tissue was finely minced using surgical scissors and then incu- 
bated for 2-3 h at 37 °C in Dulbecco’s medium (Gibco) containing 0.2% bovine 
serum albumin (BSA), liberase blendzyme 2-2.5 mg ml ! (Roche Diagnostics). 
Cellular macroaggregates still present after enzymatic digestion were removed by 
filtration through a 10-11m pore-size filter (Dako), thus obtaining a monocellular 
suspension. The filtrate was then washed twice with PBS and centrifuged, the pellet 
resuspended in 1 ml cold PBS/0.1% BSA pH 7.4. Selection of endothelial cells was 
performed by using CD31 Miltenyi Microbead Kit (Miltenyi Biotech) according to 
manufacturer’s instructions directly on cell suspensions after enzymatic digestion. 
Purified cell clusters as well as the negative counterparts were separately resuspended 
in endothelial basal growth medium (EBM Bullet kit; Biowhittaker Cambrex). Cells 
were plated onto 25-cm” culture dishes, previously coated with 1 jg cm’ collagen 
typeI and 1 gcm * fibronectin (Sigma), and maintained at 37 °C in an atmosphere 
of 5% CO. After 10-12 h, plated cells were washed three times with cold PBS to 
favour detachment of nonendothelial cells. The medium was changed every 3 days. 
Once at confluence, cells were detached by trypsinization with 0.25% Trypsin/EDTA 
(Gibco) and reseeded on collagen/fibronectin-coated culture dishes at a split ratio of 
1:3.A second magnetic selection was performed on plated endothelial cells after 7-10 
cell divisions in order to increase the purity of the cultures. 

Endothelial function assays. For in vitro three-dimensional tube formation assay, 
twelve microlitres of tail collagen were dropped onto glass coverslips and allowed 
to polymerize for 1 h at 37 °C. Cells were then seeded on top of the gels at 50,000 
cells per well and allowed to incubate. Then endothelial basal medium was added 
and cells were cultured for 7 days.To quantify the tube formation, image-analysis 
techniques were used that measure the length of the tubes and the number of the 
connections. Data were photographically recorded daily. The average total length 
and mean total number of junctions for different endothelial cords were further 
analysed using the two-sided Mann-Whitney U test.For microinjections, a Zeiss 
microscopy with a manipulator was used. Fluorescein (Monico) was prediluted 
1:1,000 into medium and injected into three-dimensional culture with a Hamilton, 
and observed with a Zeiss Axiovision device camera. 

To determine the uptake of acetylated LDLs, cells were incubated with 10 mgml ' 
Dil-labelled (1,1'-dioetadeeyl-3,3,3’,3’-tetramethylindocarboeyanine perchlorate) 
acetylated LDL; Molecular Probes) at 37 °C for 4h. The slides were analysed using a 
Nikon Eclipse TE300 inverted microscope equipped with a Zeiss Axiovision device 
camera. 

Gene array. Total RNA was extracted from glioblastoma neurospheres, serum- 
differentiated glioblastoma neurospheres, glioblastoma neurospheres cultivated 
under endothelial condition and endothelial cells isolated from glioblastoma 
patients. Normal human umbilical vascular (HUVEC) or microvascular 
(HMVEC) endothelial cells were used as controls for endothelial gene expression 
patterns. RNA was labelled and hybridized to Affymetrix GeneChip1.0ST arrays 
following the manufacturer’s instructions. Hybridization values were normalized 
by the robust multiarray averaging (RMA) method and hierarchical clustering, 
with average linkage method, was performed according to samples’ gene expression 
profile. Full data were submitted to ArrayExpress under the accession number 
E-MEXP-2891. 

Lentiviral infection. Selective targeting of the cells expressing endothelial pheno- 
type was obtained by modifying the pRRLsin.Tie2p.TKiresGFP.spre lentiviral 
vector provided by L. Naldini’*”’. Viral particle production and GSC infection 
were performed as previously described”. 

In vivo experiments. Studies involving animals were approved by the Ethical 
Committee of the Catholic University School of Medicine in Rome. Nude athymic 
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and SCID mice (female, 4-5 weeks of age; Charles River) were used. For subcutaneous _ For intracranial xenografts, 2 10° cells in 5 ul of PBS were injected stereotactically 
xenografts, cells were resuspended 1X 10° in 0.1 ml of cold PBS, mixed with an equal _ onto the striatum. Mice were killed by 16-20 weeks after grafting to collect tumour 
volume of cold Matrigel (BD Bioscience), and injected into the flanks of nude mice. _ xenografts. On ganciclovir treatment, no major toxicity was observed in vital organs. 


©2010 Macmillan Publishers Limited. All rights reserved 


Bid Gal 


doi:10.1038/nature09561 


Single-molecule imaging reveals mechanisms of 
protein disruption by a DNA translocase 


Ilya J. Finkelstein’, Mari-Liis Visnapuu’ & Eric C. Greene? 


In physiological settings, nucleic-acid translocases must act on sub- 
strates occupied by other proteins, and an increasingly appreciated 
role of translocases is to catalyse protein displacement from RNA 
and DNA‘. However, little is known regarding the inevitable colli- 
sions that must occur, and the fate of protein obstacles and the 
mechanisms by which they are evicted from DNA remain un- 
explored. Here we sought to establish the mechanistic basis for 
protein displacement from DNA using RecBCD as a model system. 
Using nanofabricated curtains of DNA and multicolour single- 
molecule microscopy, we visualized collisions between a model 
translocase and different DNA-bound proteins in real time. We 
show that the DNA translocase RecBCD can disrupt core RNA 
polymerase, holoenzymes, stalled elongation complexes and tran- 
scribing RNA polymerases in either head-to-head or head-to-tail 
orientations, as well as EcoRT=!!!2, Jac repressor and even nucleo- 
somes. RecBCD did not pause during collisions and often pushed 
proteins thousands of base pairs before evicting them from DNA. 
We conclude that RecBCD overwhelms obstacles through direct 
transduction of chemomechanical force with no need for specific 
protein-protein interactions, and that proteins can be removed 
from DNA through active disruption mechanisms that act on a 
transition state intermediate as they are pushed from one non- 
specific site to the next. 

RecBCD is a heterotrimeric translocase involved in initiating homo- 
logous recombination and processing stalled replication forks°*. RecB is 
a 3'->5’ SFIA helicase and contains a nuclease domain for DNA 
processing, RecD is a 5’ — 3’ SF1B helicase and RecC holds the com- 
plex together and coordinates the response to cis-acting Chi (crossover 
hot-spot instigator) sequences (5’-dGCTGGTGG-3’). RecD is the lead 
motor before Chi, RecB is the lead motor after Chi and Chi recognition 
is accompanied by a reduced rate of translocation corresponding to the 
slower velocity of RecB”*. Chi prompts RecBCD to process DNA, yield- 
ing 3’ single-stranded DNA overhangs onto which RecA is loaded”*. 

We monitored RecBCD activity using total-internal-reflection fluor- 
escence microscopy and a DNA curtain assay that allows us to visualize 
hundreds of aligned molecules’ (Supplementary Fig. 1). When assayed 
on DNA curtains, RecBCD displayed rapid translocation (1,484 + 167 
base pairs per second (bp s_'), 37°C, 1 mM ATP, N = 100; Supplemen- 
tary Fig. 1b, c), high processivity (36,000 + 12,500 bp) and decreased 
velocity in response to Chi (549 + 155bp s ', 37°C, 1mM ATP, 
N= 100; Supplementary Fig. 1), in agreement with previous studies®”. 

Escherichia coli contains ~2,000 molecules of RNA polymerase 
(RNAP), and =65% of these are bound to the bacterial chromosome’’, 
making RNAP one of the most commonly encountered obstacles in 
physiological settings. RNAP is of special interest because it is a high- 
affinity DNA-binding protein (dissociation constant, Kg ~ 10 pM for 
APR and 100pM for AP,) and a powerful translocase capable of 
moving under an applied load of ~ 14-25 pN (ref. 11). RNAP survives 
encounters with replication forks'*"'* and stalls fork progression in 
head-on collisions'*’°, suggesting that RNAP is among the most for- 
midable roadblocks encountered in vivo. During replication restart, 
RecBCD translocates towards oriC; therefore, most collisions with 


RNAP will occur in a head-on orientation, suggesting that to survive 
these encounters RecBCD would need to exert more force than a 
replisome. 

We used quantum dots (QDs) to fluorescently label RNAP (Sup- 
plementary Information). The binding distribution of QD-RNAP 
holoenzyme overlapped with known promoters (Fig. 1a), promoter 
targeting was o”° dependent and promoter-bound holoenzymes were 
highly stable (t,;2 = 23.2 + 1.42 min (half-life), N = 58; Supplemen- 
tary Fig. 3a, b, c). Core QD-RNAP dissociated when challenged with 
heparin (t)2 =3.4+0.03s, N=150), whereas promoter-bound 
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Figure 1 | RecBCD removes RNAP from DNA. a, Distribution of QD-RNAP 
bound to A DNA. Locations of promoters are indicated; those facing left are 
shown in blue, those facing right are shown in red. The inset shows examples of 
YOYO-1-stained 1 DNA (green) bound by RNAP (magenta). The tethered end 
of the DNA is on the left, and the free end of the DNA is on the right. kb, 
kilobase. b, Kymograms of RecBCD colliding with RNAP core, holoenzyme, 
stalled elongation complex (EC), and stalled elongation complex chased with 
ribonucleoside triphosphate (rNTP). Gaps in magenta traces correspond to 
quantum dot blinking. In these and all subsequent kymograms, the tethered 
end of the DNA is at the top, the free end is at the bottom, and buffer flow is 
from top to bottom. c, Distribution of event types. d, Tracking data for 
collisions, with traces aligned at the collisions. 
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holoenzyme was heparin resistant (t)/. >> 6.7 min, N = 58), confirm- 
ing open complex formation (Supplementary Fig. 3c, d). Bulk assays 
verified that QD-RNAP produced transcripts (Supplementary Fig. 
3e), and single-molecule assays revealed a transcription velocity of 
15.7 = 8.6 bp st (N = 20, 25°C, 250 uM of each ribonucleoside tri- 
phosphate; Supplementary Fig. 3f). 

When RecBCD collided with RNAP, the polymerase was rapidly 
ejected from DNA (f/2 = 2.4 + 0.13 s; Fig. 1b). Remarkably, RNAP 
could be pushed long distances (10,460 + 7,690 bp, N = 44; Fig. 1 and 
Supplementary Fig. 4) and RecBCD could disrupt core RNAP, holoen- 
zymes, stalled elongation complexes and active elongation complexes 
(Fig. 1b and Supplementary Fig. 5). Out of 47 collisions with QD- 
RNAP holoenzyme, 15% (7 of 47) immediately stalled RecBCD, 8.5% 
(4 of 47) resulted in dissociation of RNAP with no sliding, 76.5% (36 of 
47) of RNAP was pushed and 71% of pushed molecules were even- 
tually ejected (Fig. 1c). The population of RNAP molecules that was 
directly ejected from the DNA increased ~5-fold for stalled and active 
elongation complexes (Supplementary Fig. 5). RecBCD also pushed 
and evicted RNAP labelled with 40-nm fluorescent beads or Alexa 
Fluor 488, arguing against nonspecific interactions between RecBCD 
and the quantum dots (Supplementary Fig. 6a). RecBCD did not slow 
or pause on colliding with RNAP (Fig. 1d and Supplementary Fig. 4a), 
nor was there any reduction in processivity in comparison with naked 
DNA (29,000 + 15,500 bp). Similar outcomes were observed before 
and after Chi (not shown), indicating that RecBCD could dislodge 
RNAP regardless of whether RecB or RecD was the lead motor. We 
could unambiguously assign the orientation of RNAP at APpr (Fig. la 
and Supplementary Fig. 3f), and RecBCD dislodged RNAP bound at 
APp during collisions in either direction (Fig. 1b and Supplementary 
Fig. 7a). RecBCD also pushed and ejected RNAP bound at all other 
locations regardless of DNA orientation (Fig. 1b). RecBCD even dis- 
lodged RNAP at lower velocities (446 + 192bps ',122+128bps ‘ 
and 78 + 27 bp s | at 100 uM, 25 uM and 15M ATP, respectively; 
see Supplementary Fig. 7 and below), indicating that proteins could be 
dislodged even under suboptimal translocation conditions. We con- 
clude that RecBCD disrupts RNAP regardless of orientation, tran- 
scriptional status or translocation velocity. 

We next asked whether RecBCD could dislodge other proteins. 
EcoRI*"!?° is a catalytically inactive version of EcoRI, which has high 
affinity (Kg = 2.5 fM) for cognate sites and even binds tightly to non- 
specific DNA” (Ka = 4.8 pM). EcoRI*!"'° can halt E. coli RNA poly- 
merase’*; T7 and SP6 RNA polymerases”; SV40 large T antigen; 
E. coli UvrD, DnaB and T4 Dda helicases; SV40 replication forks”'; 
and E. coli replication forks*. EcoRI withstands up to ~20-40 pN 
(ref. 22), and EcoRI"''!® binds cognate sites ~3000-fold stronger than 
wild-type EcoRI’ (Ka = 6.7 pM); thus, we infer that the catalytic 
mutant can resist at least as much force as the wild-type protein. lac 
repressor (LacI) is representative of a large family of bacterial tran- 
scription factors that has served as a model for transcriptional regu- 
lation and protein-DNA interactions. LacI binds tightly to specific 
sites (Kg = 10M for a 21-bp symmetric operator) but binds weakly 
to nonspecific DNA** (Kg = 1 nM) and slides rapidly along nonspecific 
DNA rather than remaining at fixed locations*”*. Lacl also blocks 
RNAP and replication forks both in vitro and in vivo'’, highlighting 
that it is a potent and physiologically relevant barrier to translocase 
progression. 

We labelled EcoRI’""'° and LacI with quantum dots (Supplemen- 
tary Information), and QD-EcoRI!!!2 and QD-Lacl bound to the 
correct locations on the DNA substrates, confirming that the tagged 
proteins retained normal DNA-binding activity (Fig. 2a and Sup- 
plementary Fig. 8). QD-LacI was rapidly released from DNA by 
isopropyl-B-D-thiogalactoside, as expected (Supplementary Fig. 9). 
When RecBCD collided with EcoRI*"'’, it pushed the proteins 
13,000 + 9,100 bp (N= 70) before ejecting them from the DNA 
(Fig. 2b, c). In contrast, Lacl was immediately ejected, and was not 
pushed within our resolution limits (Fig. 2b-d). There was no change 
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Figure 2 | Disruption of EcoRI®""!° and lac repressor by RecBCD. 


a, Histogram of EcoRE122 (upper panel, N = 1,481) and Lacl (lower panel, 
N= 700) bound to A DNA. The locations of the five EcoRI sites found in » 
DNA are indicated, along with examples of QD-EcoRI™!2 bound to YOYO- 
1-stained ) DNA (inset, upper panel) and examples of QD-Lacl bound to the 
DNA (inset, lower panel) b, Kymograms showing RecBCD colliding with 
EcoRT#!!!8 and Lacl (magenta), as indicated. d, Distribution of event types for 
EcoRT®!!!° and Lacl. e, Tracking data for individual collisions. 


in velocity or processivity upon colliding with either protein (Fig. 2b, d 
and Supplementary Fig. 4). Out of 70 collisions with QD-EcoRI"""°, 
11.2% (5 of 70) stalled the translocase, 11.4% (8 of 70) resulted in 
immediate dissociation of EcoRI®!"'2 with no detectable sliding, 
81.4% (57 of 70) of EcoRI®!!!2 was pushed along DNA and 92% of 
pushed molecules were eventually ejected (Fig. 2c). Out of 30 collisions 
with LacI, 3.3% (1 of 30) stalled the translocase, 93.3% (28 of 30) 
resulted in immediate dissociation of LacI with no detectable sliding 
and 3.3% (1 of 30) showed sliding before dissociation (Fig. 2c). A 
greater fraction of LacI might slide, but if so, the sliding events fall 
outside our resolution limits. Control experiments confirmed that 
RecBCD disrupted EcoRI"'!'® labelled with fluorescent beads or 
Alexa Fluor 488 (Supplementary Fig. 6b). As with RNAP, RecBCD 
could strip EcoRI®!!'® after Chi (not shown) and also disrupted 
EcoRI*!'2 and Lacl during low-velocity collisions (see below). 
These findings confirm that RecBCD readily displaces tightly bound 
proteins from DNA. 

In eukaryotes, nucleosomes are the most frequently encountered 
DNA-bound obstacles. Replisomes, transcription machinery and ATP- 
dependent chromatin remodellers all act through mechanisms requir- 
ing force generation, and the response of nucleosomes to these forces 
remains a long-standing question in chromatin biology. Heterologous 
systems have revealed fundamental principles underlying these pro- 
cesses’’**: experiments with SP6 RNAP provided a theoretical frame- 
work for nucleosome repositioning’, and studies with phage T4 
proteins were among the first to address the fate of nucleosomes during 
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replication**. Eukaryotic translocases exert forces in the same net 
direction as RecBCD, and RecBCD can unwind nucleosome-bound 
DNA”, arguing that it can serve as a good protein-based force probe 
for studying the fate of nucleosomes when rammed by a translocase. 

Recombinant nucleosomes were deposited on DNA curtains by salt 
dialysis, as described’. Remarkably, RecBCD could push nucleosomes 
(7,311 + 5,373 bp, N = 75; Fig. 3), and similar results were obtained 
with fluorescently labelled H2A-H2B dimer or H3-H4 tetramer 
(Fig. 3a). Control experiments demonstrated that RecBCD could also 
push nucleosomes labelled with either fluorescent beads or Alexa Fluor 
488 (Supplementary Fig. 6c). Out of 357 collisions with nucleosomes, 
24% (84 of 357) immediately stalled RecBCD, 11% (40 of 357) resulted 
in direct nucleosome ejection, 65% (233 of 357) led to sliding (Fig. 3b) 
and ~50% of these were eventually ejected (t,/2 = 3.93 + 0.21 s; Fig. 3b 
and Supplementary Fig. 4c). Nucleosomes reduced the processivity of 
RecBCD to 14,000 + 7,000 bp, as anticipated’’, and the translocase 
stalled in a larger fraction of these collisions (24%) than in collisions 
with RNAP (15%), EcoRI®!"2 (7%) and Lacl (3.3%). Relative to the 
other roadblock proteins, fewer of the pushed nucleosomes (50%) were 
subsequently ejected from the DNA, and there was a 10% reduction 
(t-test, P = 0.0005) in velocity while pushing nucleosomes (Fig. 3c and 
Supplementary Fig. 4c). These results demonstrate that intact nucleo- 
somes can be pushed along DNA as theoretically predicted*®, but 
indicated that RecBCD had more difficulty pushing and evicting 
nucleosomes than it did the other protein roadblocks. The finding that 
RecBCD pushes and evicts nucleosomes also rules out mechanisms 
requiring species-specific protein-protein interactions. 

Protein disruption mechanisms can be described by at least four 
models, which differ in the nature of the mobile intermediates and the 
stage of the chemomechanical cycle during which the proteins dissociate 
(Fig. 4a). In the first model, passive release, the proteins (S) are dislodged 
from a high-affinity specific site and then pushed from one sequential 
nonspecific site to the next. Subsequent dissociation occurs sponta- 
neously simply because the proteins are bound to lower-affinity non- 
specific DNA (N). This model assumes that the proteins have similar 
low affinities for all nonspecific sites sampled, and predicts that the 
observed rates of RecBCD-induced dissociation (kog¢ops) would be 
similar to that of spontaneous dissociation from nonspecific DNA in 
the absence of RecBCD (kote obs = Koten). This model also predicts that 
the distance (d) over which proteins are pushed will be dictated by their 
affinity for nonspecific DNA and will be proportional to velocity (V) 
such that faster translocation will lead to longer distances and slower 
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Figure 3 | Nucleosomes can be pushed along DNA. a, Kymograms showing 
RecBCD collisions with nucleosomes (magenta) that are labelled on either the 
H2A-H2B dimer or the H3-H4 tetramer, as indicated. b, Distribution of event 
types. c, Tracking data illustrating collisions between RecBCD and nucleosomes. 
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Figure 4 | Protein displacement mechanisms. a, Models for protein 
displacement (see main text). b, Spontaneous dissociation versus RecBCD- 
induced dissociation as determined from single exponential fits to dissociation 
data + s.d. Values for LacI nonspecific and RecBCD-induced dissociation 
represent upper bounds. Data are colour-coded for each different protein, as 
indicated. c, Representative sliding trajectories. Each line corresponds to the 
collision (right end point) and dissociation (left end point) for single proteins. 
d, RecBCD velocity (mean = s.d.) at different ATP concentrations ([ATP]). 
e, Protein 1,2 at different [ATP] values. Error was =5.6% of the reported values. 
f, Pushing distances (mean + s.e.m.) at different [ATP] values. 


translocation will yield shorter distances. The second model, preferred 
site release, accounts for a situation in which proteins encounter rare 
sequences of exceptionally low affinity (N’), such that they preferentially 
dissociate from these sites (Koen >> Kogen). In the third model, struc- 
tural disruption, translocase collisions alter the conformation of the 
proteins (for example by permanently rupturing a subset of protein- 
DNA contacts) such that they persist as structurally perturbed com- 
plexes (X) after displacement from the high-affinity site. In this case, the 
mobile intermediates have a characteristic lifetime (tx) dictated by their 
weakened affinity for DNA, and this lifetime should be insensitive to 
translocation velocity. Therefore, the distance (d) over which proteins 
are pushed will be proportional to velocity (V), and faster translocation 
will lead to longer distances whereas slower translocation will yield 
shorter distances. The most important feature of this model, which 
distinguishes it from all of the other models, is that the structurally 
disrupted proteins are more weakly bound to DNA specifically as a 
consequence of the collision, such that the observed rate of RecBCD- 
induced dissociation (Kosops) Would be greater than the rate of spon- 
taneous dissociation from nonspecific DNA (kotrobs ~ Kotex >> koten)- 
The fourth model, transition state ejection, is characterized by a series of 
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tightly bound nonspecific complexes (N) that must pass through a 
weakly bound transition state (T) as they are pushed from one position 
to the next. This model predicts that dissociation occurs predominantly 
during the transition state (Koger >> kogen). The time required to pass 
through the transition state during one round of the chemomechanical 
cycle is equivalent to the time required for the translocase to take a single 
step (Kstep), which is a fixed intrinsic value independent of ATP concen- 
tration. This relationship can be rationalized by considering that the 
velocity of RecBCD can be controlled by modulating ATP concentra- 
tion (see below), with slower velocities resulting from longer dwell times 
between steps (while awaiting new ATP) rather than from changes in 
kstep. Therefore, the time it takes the roadblock to pass through the 
transition state during a single step will be independent of ATP con- 
centration, whereas the cumulative time spent in the transition state will 
increase linearly with step number (m) irrespective of the overall 
observed translocation velocity. The probability of dissociation will then 
increase with step number, the observed lifetimes will be inversely pro- 
portional to velocity and the total distance the proteins are pushed 
before dissociation will be independent of velocity (that is, the road- 
blocks will be pushed similar distances regardless of how fast the trans- 
locase moves). 

Each aforementioned model makes distinct predictions that can be 
experimentally evaluated. This evaluation is easier for RNAP, EcoRTt!@ 
and nucleosomes because these proteins are pushed long distances (Lacl 
is considered separately below). We first measured dissociation of these 
proteins from specific and nonspecific sites in the absence of RecBCD 
(Supplementary Information), and compared these results to RecBCD- 
induced rates of dissociation (Fig. 4b). RNAP, EcoRE|! and nucleo- 
somes all bind tightly to nonspecific DNA, and RecBCD-induced 
dissociation was =200-fold faster than spontaneous dissociation from 
nonspecific sites, which is inconsistent with passive release. We next 
analysed pushing trajectories to determine whether there was any evid- 
ence supporting preferred site release. Comparison of these trajectories 
revealed that RecBCD-induced dissociation of all three roadblock 
proteins occurred at random locations (Fig. 4c), arguing against pre- 
ferred site release. To distinguish between structural disruption and 
transition state eviction, we compared protein lifetimes and pushing 
distances at four different translocation velocities (Fig. 4d). Remarkably, 
a 3.3-fold decrease in RecBCD velocity (446 + 192bps ‘ at 100 1M 
ATP) led to 1.5-, 7.0- and 3.4-fold increases in the post-collision half- 
lives of EcoRT®!!!2, RNAP and nucleosomes (Fig. 4e), respectively, 
although the distribution of distances over which the proteins were 
pushed remained largely unaltered (Fig. 4f and Supplementary 
Table 1). This effect was even more obvious at 15 1M ATP, where a 
19-fold decrease in RecBCD velocity (78 + 27 bp s_-) led to 36-, 93- 
and 24-fold increases in the post-collision half-lives of EcoRT# 2, 
RNAP and nucleosomes, respectively, but pushing distances were 
either unaltered or increased in comparison with those corresponding 
to the faster velocities. These results indicated that dissociation was 
dictated by the number of steps the proteins were forced to take rather 
than the cumulative time it took to be pushed a given distance, which is 
most consistent with transition state ejection. Although our experi- 
ments did not reveal any evidence for a structural disruption eviction 
mechanism, this does not rule out the possibility that EcoRT!!2, 
RNAP and nucleosomes are structurally altered when acted upon by 
RecBCD. However, if they are structurally perturbed, this alone does 
not result in their eventual dissociation from DNA. 

Lacl differs from the other roadblocks in that it was immediately 
evicted from DNA, and the RecBCD-induced dissociation rate was 
comparable to the rate of spontaneous dissociation from nonspecific 
sites (Fig. 4b), which would seem consistent with a passive-release 
model. However, with current resolution limits we cannot completely 
rule out other mechanisms, and future studies will be necessary to fully 
address this issue. Importantly, RNAP, EcoRT®"!2 and nucleosomes all 
bind tightly to nonspecific DNA, whereas LaclI binds much more weakly 
to nonspecific sequences (Fig. 4b), suggesting that Lacl is released more 
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rapidly from DNA after the collisions due to its weaker affinity for 
nonspecific sites. This result demonstrates that the roadblock proteins 
and the nature of their interactions with nonspecific DNA are critical 
contributing factors to the outcome of the collisions. 

This leaves the question of how much force RecBCD exerts, and 
how much is sufficient to disrupt obstacles. Although our experiments 
do not yield a direct read-out of force, we can safely conclude that the 
force exerted by RecBCD is sufficient to displace RNAP, EcoRT®!!2 
LacI and nucleosomes from DNA. Our work has revealed unpreced- 
ented details of protein collisions on DNA and provides new insights 
into how translocases can disrupt nucleoprotein complexes. Given the 
flexibility of our experimental platform, we anticipate that these studies 
can be extended to other translocases and roadblock proteins, and it 
will be important to determine whether the mechanistic concepts 
developed here apply to different types of collision between proteins 
on DNA. 


METHODS SUMMARY 


We conducted total-internal-reflection fluorescence microscopy experiments ona 
home-built microscope using nanofabricated DNA curtains, as previously 
described’. For all initial experiments, and for all kymograms shown in the manu- 
script, we used YOYO-1 to stain the DNA. YOYO-1 does not affect the transloca- 
tion rate or processivity of RecBCD*, and it did not affect the binding distributions 
of RNAP, EcoRT#!!2 or nucleosomes (not shown). In the presence of YOYO-1, 
the roadblock proteins showed the same general response to collisions with 
RecBCD, with identical distributions of ejection, stalling and pushing (and push- 
ing velocities) seen with and without YOYO-1. However, the stain reduced the 
distance obstacles were pushed by 20-30%. Therefore, all sliding distances and 
half-lives reported here correspond to values measured in the absence of YOYO-1. 
Sliding distances are reported only for roadblock proteins that did not encounter 
any other quantum-dot-tagged proteins as they were pushed along the DNA. This 
ensures that each analysed collision/dissociation event involved only a single 
quantum-dot-tagged protein. Many reactions were observed in which multiple 
quantum-dot-tagged roadblock proteins were pushed into one another, but in 
these cases we could not determine the order in which each such protein was 
displaced from the DNA, and therefore could not measure sliding distances. To 
categorize the distributions of event type, we defined ‘sliding’ as the movement of 
any quantum-dot-tagged roadblock by more than 0.53 um (~1,950 bp); anything 
less than this was scored as a direct dissociation event. 
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Calcitum-dependent phospholipid scrambling by 


TMEMI6F 


Jun Suzuki”, Masato Umeda’, Peter J. Sims* & Shigekazu Nagata’? 


In all animal cells, phospholipids are asymmetrically distributed 
between the outer and inner leaflets of the plasma membrane’. 
This asymmetrical phospholipid distribution is disrupted in various 
biological systems. For example, when blood platelets are activated, 
they expose phosphatidylserine (PtdSer) to trigger the clotting sys- 
tem”. The PtdSer exposure is believed to be mediated by Ca~*- 
dependent phospholipid scramblases that transport phospholipids 
bidirectionally'*, but its molecular mechanism is still unknown. 
Here we show that TMEM16F (transmembrane protein 16F) is an 
essential component for the Ca**-dependent exposure of PtdSer on 
the cell surface. When a mouse B-cell line, Ba/F3, was treated with a 
Ca’* ionophore under low-Ca”* conditions, it reversibly exposed 
PtdSer. Using this property, we established a Ba/F3 subline that 
strongly exposed PtdSer by repetitive fluorescence-activated cell 
sorting. A complementary DNA library was constructed from the 
subline, and a cDNA that caused Ba/F3 to expose PtdSer sponta- 
neously was identified by expression cloning. The cDNA encoded a 
constitutively active mutant of TMEMI6F, a protein with eight 
transmembrane segments’. Wild-type TMEMIG6F was localized on 
the plasma membrane and conferred Ca” * -dependent scrambling of 
phospholipids. A patient with Scott syndrome®’, which results from 
a defect in phospholipid scrambling activity*’, was found to carry a 
mutation at a splice-acceptor site of the gene encoding TMEMI6F, 
causing the premature termination of the protein. 

When mouse Ba/F3 cells were treated with 1.0 1M A23187 for 
15 min in the presence of 0.5 mM CaCl, the cells underwent necrosis 
or became propidium iodide (PI)-positive. However, when the same 
treatment was performed in Ca?*-free conditions, most of the cells 
exposed PtdSer and the PI-positive population was low (Fig. 1a). 
Chelating intracellular Ca** with bis-(o-aminophenoxy)ethane- 
N,N,N',N'-tetra-acetic acid acetoxymethyl ester (BAPTA-AM) 
blocked the PtdSer exposure (Fig. 1b), indicating that the process 
required the mobilization of intracellular calcium. This PtdSer expo- 
sure was reversible: treatment of the PtdSer-exposing cells with 
BAPTA-AM at 37°C for 5 min (Fig. 1c) or culturing them in Ca**- 
free medium at 37 °C for 12 h (data not shown) eliminated the PtdSer 
from the cell surface. These results suggest that under low-Ca** con- 
ditions, A23187 mobilized the intracellular Ca?*, which activated a 
phospholipid scramblase to expose PtdSer. When the intracellular 
Ca°* concentration was lowered, the phospholipid scramblase lost 
activity, and flippases returned the PtdSer to the inner leaflet. 

To characterize the PtdSer-exposure process, we used its reversible 
nature under low-Ca’* conditions to establish a cell line that over- 
exposed PtdSer. Ba/F3 cells were treated with 1.0 uM A23187 in the 
absence of calcium, and subjected to fluorescence-activated cell sorting 
(FACS) based on PtdSer exposure. A population (0.5-5%) that showed 
intense staining with Annexin V was collected, cultured for 15h in 
Ca*'-free medium, returned to normal medium, and subjected to 
the next sorting. After this cycle of sorting and expansion had been 
repeated 12 times, the cells (Ba/F3-PS12) showed roughly 100-fold 


higher staining with Annexin V than the original Ba/F3 cells (Ba/F3- 
PSO) on treatment with 125nM A23187 (Fig. 1d). The sorting and 
expansion were repeated another seven times, and the resulting cell 
line (Ba/F3-PS19) was used for further studies. 

There were two possible causes of the strong PtdSer exposure in Ba/ 
F3-PS19 cells. One was the overexpression or overactivation of phos- 
pholipid scramblase, and the other was the inactivation of flippase’® 
that transports PtdSer from the outer to the inner leaflet of the plasma 
membrane. To examine which possibility was correct, DsRed-expressing 
Ba/F3-PS19 cells were fused with green fluorescent protein (GFP)- 
labelled parental Ba/F3 (Ba/F3-PS0) cells. The PtdSer-exposure response 
of the hybrid cells to 1.0 1M A23187 was similar to, or slightly weaker 
than, that of Ba/F3-PS19 cells (Fig. le), suggesting that the phenotype of 
Ba/F3-PS19 cells was dominant to that of Ba/F3-PSO cells, and that the 
phospholipid scramblase was overactivated in Ba/F3-PS19 cells. To 
identify the gene responsible for the enhanced phospholipid scramblase 
activity, a CDNA library (9.3 X 10° clones) was prepared from Ba/F3- 
PS19 cells, and introduced into the parental Ba/F3 cell line. The stably 
transformed cells were treated with 125 nM A23187, and a population 
that stained strongly with Annexin V was sorted (Fig. 1f). At the third 
cycle of sorting and expansion (Library-Derived (LD)-PS3), about 35% 
of the cells exposed PtdSer without A23187 treatment, and this cell 
population (LD-PS4) was characterized. 

LD-PS4 cells carried two or three different cDNAs, but the Tmem16f 
cDNA (GenBank accession number NM_175344) was present in two 
independent experiments, suggesting that TMEM16F caused the PtdSer 
exposure. The two Tmem16f cDNAs identified in the different experi- 
ments contained an A-to-G mutation at nucleotide 1226, which caused 
an aspartic residue to be replaced by glycine at codon 409 (Fig. 2a). 
TMEM16A, another member of the TMEM16 family, was recently 
shown to be a Ca**-dependent Cl” channel'!“'°. However, the Cl - 
channel activity of TMEMI6F was lower than that of TMEM16A™. 
To examine the function of TMEMI6F, the wild-type and mutant 
(D409G) forms of TMEM16F were tagged with Flag or monomeric 
red fluorescent protein (mRFP) at the carboxy terminus, and expressed 
in Ba/F3 or human 293T cells. Western blotting of the cell lysates with 
anti-Flag showed broad bands at 125 and 500kDa on SDS-PAGE 
(Fig. 2b), suggesting that mouse TMEM16F (calculated molecular mass 
106 kDa) is glycosylated and/or aggregated. Observation of the 293T cells 
expressing TMEM16F-mREFP indicated that TMEM16F is located at 
the plasma membrane (Fig. 2c). 

Annexin V was able to bind to the Ba/F3 cells expressing the D409G 
mutant, but not the wild-type, TMEM16F (Fig. 2d), suggesting that the 
mutant TMEM16F-expressing cells constitutively expose PtdSer. This 
was confirmed by binding of MFG-E8, which specifically binds to 
PtdSer'®"° (Supplementary Fig. 1). Chelating the intracellular Ca** 
with BAPTA-AM decreased the exposed PtdSer level in the mutant 
TMEM16F-expressing cells (Fig. 2d). When cells expressing wild-type 
TMEMIG6F were treated with A23187, PtdSer was exposed without a 
lag time, reaching saturation more quickly than the vector-transformed 
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Figure 1 | Molecular cloning of TMEMI6F. a, Ba/F3 cells were treated with 
A23187 with or without CaCl», and stained with Annexin V and PI. DMSO, 
dimethylsulphoxide. b, Ba/F3 cells were incubated with BAPTA-AM and 
treated with A23187. An Annexin V profile in a PI-negative population is 
shown. Open curve, profile of resting cells. c, Ba/F3 cells were treated with 
A23187 and then with BAPTA-AM for 5 min, and stained with Annexin V. 
d, Ba/F3 cells and cells after sorting for 12 cycles (PS12) were treated with 


Ba/F3 cells (Fig. 2e). The intracellular Ca’* concentration and the 
kinetics of the Ca** influx after treatment with A23187 was similar 
among the vector-transformed cells and those expressing wild-type and 
D409G mutant TMEM16F (Supplementary Fig. 2). These results indi- 
cated that TMEM16F mediates a Ca**-dependent scramblase activity 
for PtdSer, and that its D409G mutant is sensitized to respond to the 
normal intracellular concentration of Ca~" to expose PtdSer. 
Phospholipid scramblase mediates the bidirectional transfer between 
plasma membrane leaflets of all phospholipids. Cells expressing the 
D409G mutant TMEMIG6F were stained with Ro09-0198 (Supplemen- 
tary Fig. 3a), a tetracyclic polypeptide that specifically binds phosphati- 
dylethanolamine (PtdEtn)”, indicating that they constitutively exposed 
PtdEtn, a phospholipid that, like PtdSer, is normally sequestered to the 
inner leaflet. Treatment of Ba/F3 cells with A23187 caused exposure of 
PtdEtn. This process was accelerated by overexpressing wild-type 
TMEMIG6F (Supplementary Fig. 3b). When 1-oleoyl-2-{6-[(7-nitro-2- 
1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine 
(NBD-PtdCho) was added to the culture, it was quickly internalized by 
the D409G-mutant-expressing cells (Fig. 2f): of the cell-associated 
NBD-PtdCho, more than 40% became resistant to extraction with 
BSA within 6 min. When the cells expressing wild-type TMEM16F were 
treated with A23187, they incorporated NBD-PtdCho faster than the 
parental cells, and about 40% of the cell-associated NBD-PtdCho was 
inside the cells within 4 min (Fig. 2g). Similar results—that is, constitu- 
tive internalization by cells expressing the mutant TMEMI6F, and 
enhanced A23817-induced incorporation by cells expressing wild-type 
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A23187 and stained with Annexin V. e, GFP and DsRed profiles of PSO, PS19 
and PS0/19 hybrid cells are shown. Bottom: the same cells were treated with 
A23187 and stained with Annexin V. f, Ba/F3 cells transformed with PS19 
cDNA library were treated with A23187, stained with Annexin V and sorted 
(LD-PSO). Annexin V and PI profiles of cells after first (LD-PS1) and third (LD- 
PS3) sorting are shown. Right: Annexin V profile of original cells (LD-PS0) and 
after fourth sorting (LD-PS4) without A23187. 


TMEM16F—were obtained with N-{6-[(7-nitro-2-1,3-benzoxadiazol- 
4-yl)amino]hexanoyl}-sphingosine-1-phosphocholine (NBD-SM) (Sup- 
plementary Fig. 4). The internalized NBD-PtdCho and NBD-SM were 
intact (Supplementary Fig. 5). Dynasore, which inhibits dynamin- 
mediated endocytosis’* inhibited the internalization of these phospho- 
lipids only slightly or not at all (Supplementary Fig. 6), suggesting that 
the contribution of endocytosis to TMEM16F-mediated phospholipid 
internalization may not be great. 

Expression of endogenous TMEMIG6F in Ba/F3 cells was then 
knocked down by expressing Tmem16f short hairpin RNA (shRNA). 
As shown in Fig. 3a and Supplementary Fig. 7, the expression level of 
Tmem16f messenger RNA in five transformants was decreased to 20- 
35% of that in the cells expressing the control shRNA. The rate of 
A23187-induced exposure of PtdSer and PtdEtn was decreased in these 
transformants (Fig. 3b, c). Similarly, the uptake of NBD-PtdCho and 
NBD-SM was slower in Tmem16f shRNA-transformed cells (Fig. 3d, e). 

Platelets and other blood cells from patients with Scott syndrome 
show a defect in their ability to expose PtdSer in response to a Ca** 
ionophore””’. B-cell lines have been established from a patient with 
Scott syndrome and from the patient’s parents”. In agreement with 
previous reports®*”°, the patient-derived cells did not expose PtdSer in 
response to a Ca?t ionophore (Fig. 4a). In contrast, A23187 elicited 
PtdSer exposure in cell lines derived from the patient’s parents at the 
same levels as in cell lines from healthy volunteers. An RT-PCR analysis 
of the TMEM16F mRNA (GenBank accession number NM_001025356) 
showed that the 5’ part (1,320 base pairs (bp)), corresponding to exons 
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Figure 2 | Phospholipid scrambling in TMEM16F-expressing cells. 

a, Schematic representation of mouse TMEM16F and D409G mutant. 

b, Western blotting of Ba/F3 cells expressing Flag-tagged wild-type and mutant 
TMEM1O6F with anti-Flag. Arrowheads, monomer and multimer of 
TMEMIO6F. ¢, 293T cells expressing TMEM16F-mRFP were observed under a 
fluorescent microscope. Scale bars, 10 um. d, Vector-transformed Ba/F3 cells, 
or cells expressing wild-type or mutant TMEM16F, were stained with 
Annexin V with or without pretreatment with BAPTA-AM. e, Vector- 
transformed or wild-type TMEM16F-Ba/F3 cells were preincubated with 
Annexin V. After addition of A23187, the fluorescence was monitored. The 

y axis shows fluorescence intensity on FACS. f, Vector-transformed or mutant 


1-12, was identical in the patient and the parents, whereas its 3’ half, 
corresponding to exons 11-20, was shorter in the patient than in the 
parents (Fig. 4b). A sequence analysis indicated that the cDNA of the 
patient lacked the 226-bp sequence corresponding to exon 13. Direct 
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Figure 3 | Requirement of TMEMI6F for phospholipid scrambling. a, Ba/ 
F3 transformants expressing shRNA for Tmem16f (sh16F) or scrambled 
shRNA (shCon). Tmem16f mRNA level was normalized to f-actin mRNA and 
is shown as relative expression. b, c, Ba/F3 cells expressing sh16F or shCon were 
preincubated with Cy5-Annexin V (b) or biotin-Ro09-0198 (RO) and 
allophycocyanin (APC)-labelled streptavidin (c). A23187 was added and 
fluorescence was monitored. d, e, Ba/F3 cells expressing sh16F or shCon were 
preincubated with 0.5 uM NBD-PtdCho (d) or NBD-SM (e) in Hanks balanced 
salt solution containing Ca?*, A23187 was added, incubated and diluted with 
fatty-acid-free BSA buffer, and fluorescence was determined. Experiments in 
b-e were performed at least three times. 


TMEM16F-expressing Ba/F3 cells were incubated for 8 min at room 
temperature (26-27 °C) with 0.5 uM NBD-PtdCho in Hanks balanced salt 
solution containing Ca*”. After dilution with fatty-acid-free BSA buffer, the 
fluorescence intensity was determined by FACS. g, Vector-transformed or 
wild-type TMEM16F-expressing Ba/F3 cells were preincubated at 4 °C with 
0.1 1M NBD-PtdCho. A23187 (A23) was added and incubated for 8 min at 
room temperature, and internalized NBD-PtdCho was determined as above. In 
f and g the percentage of BSA-non-extractable NBD-PtdCho was determined 
in triplicate at 4 min (f) or 6 min (g) after the addition of NBD-PtdCho and is 
plotted as mean and s.d. All experiments were performed at least three times. 


sequencing of the chromosomal DNA indicated that the TMEM16F 
gene of the patient carried a G-to-T homozygous mutation at the 
splice-acceptor site in intron 12, whereas both parents were heterozygous 
for the mutation at this position (Fig. 4c). PCR analysis of the TMEM16F 
mRNA with primers at exons 12 and 16 showed a 608-bp band from the 
control and a 382-bp band from the cell line from the patient with Scott 
syndrome (Fig. 4d), indicating that a mutation in the splice acceptor site 
caused exon 13 to be skipped. This skipping caused a frame shift resulting 
in the premature termination of the protein in exon 14 (Fig. 4e) at the 
third transmembrane segment of human TMEM16F (Fig. 4f). The non- 
sense-mediated mRNA decay”’ may explain the decreased concentration 
of the exon-13-deleted form of TMEM16F mRNA in the patient’s par- 
ents (Fig. 4d). 

Repeated FACS analysis has been used previously to establish cell 
lines that overexpress a particular cell-surface protein’*”*. Here, this 
method yielded TMEMI16F carrying a point mutation that rendered 
the process extremely sensitive to Ca“ ", such that in the cells expressing 
the mutated TMEM16F the phospholipid scramblase functioned even 
in resting cells, in which the cytosolic Ca** concentration was below 
100 nM (ref. 24). The TMEM16 family, to which TMEM16F belongs, 
consists of ten members in humans and mice®. The founding member of 
the family, human TMEM16A, is a Ca’* -dependent Cl channel!!®. 
Although the direct binding of Ca** to TMEM16 members has yet to be 
demonstrated, the amino-terminal region of TMEM16A seems to have 
a regulatory role*’. Similarly, the increased sensitivity of the D409G 
mutant to Ca* suggests that either Ca”* or a Ca**-sensing molecule 
binds to this N-terminal region of TMEMI6F. The overexpression of 
TMEMIG6A in Ba/F3 cells had no effect on the ionophore-induced 
exposure of PtdSer (data not shown), suggesting that different mem- 
bers of this family have distinct functions. The PtdSer exposure or 
scrambling of phospholipids occurs in other biological processes'*”*”, 
such as apoptotic cell death, the fusion of muscle, bone or trophoblast 
cells, and the release of neurotransmitters and microvesicles. It will be 
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Figure 4 | A splice mutation of TMEM16F ina patient with Scott syndrome. 
a, Cells from control, from a patient with Scott syndrome and from the patient’s 
parents, were preincubated with Annexin V. A23187 was added and 
fluorescence was monitored. b, RT-PCR for TMEM16F mRNA for exons 1-12 
and 11-20 with RNA from the patient and parents. c, The junction between 
exon 13 and intron 12 of the TMEMI6F gene sequenced from the 3’ end. The 
CT complementary to the splice acceptor site AG is underlined. Arrowheads 


interesting to study whether TMEMIG6F and/or its related members in 
the TMEM16 family are involved in these processes. 


METHODS SUMMARY 


To expose PtdSer reversibly on the cell surface, Ba/F3 cells were treated at 37 °C with 
A23187 under Ca**-free conditions. The exposed PtdSer was detected by binding 
of Annexin V at 4 °C in Ca’ * -containing Annexin V-binding buffer. A subline (Ba/ 
F3-PS19) of Ba/F3 cells that was extremely sensitive to Ca** -ionophore-elicited 
PtdSer exposure was selected by repeating the sorting 19 times with FACSAria (BD 
Bioscience). A cDNA library was established with mRNA from Ba/F3-PS19 cells in 
retrovirus vector, and the cDNA (Tmem16f) that caused Ba/F3 cells to expose 
PtdSer constitutively was identified by expression cloning. The Epstein-Barr virus 
(EBV)-transformed cell lines from a patient with Scott syndrome and from the 
patient’s parents were described previously”. The TMEMI16F mRNA in these cell 
lines was analysed by RT-PCR. The TMEM16F chromosomal gene was amplified 
by PCR from the genomic DNA of the cell lines, and was directly sequenced by cycle 
sequencing with an ABI 3100 genetic analyser (Applied Biosystems). Exposure of 
PtdSer and PtdEtn on the cell surface was analysed by the binding of Cy5-labelled 
Annexin V and biotin-labelled Ro09-0198 (ref. 17), respectively. The internaliza- 
tion of NBD-PtdCho and NBD-SM was analysed by the BSA-extraction method 
essentially as described*°. For the knock-down experiment, shRNA-retrovirus vec- 
tors for Tmem16f and control scrambled sequence were obtained from OriGene, 
and the resultant retrovirus was used to infect Ba/F3 cells. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Cell lines, recombinant proteins, antibodies, serum and reagents. Mouse inter- 
leukin (IL-3)-dependent Ba/F3 cells were maintained in RPMI medium contain- 
ing 10% fetal calf serum (FCS; Gibco), 45 Uml ? recombinant mouse IL-3 and 
50M 2-mercaptoethanol. The EBV-transformed human cell lines*’ from a 
patient with Scott syndrome and the patient’s parents were grown in RPMI1640 
medium containing 10% FCS and 501M 2-mercaptoethanol. Human 293T cells 
and Plat-E packaging cells’ were cultured in DMEM medium containing 10% 
FCS. Recombinant mouse IL-3 was produced by mouse C127I cells transformed 
with a bovine papillomavirus expression vector bearing mouse II-3 cDNA as 
described**. Biotin-labelled Ro09-0198 was prepared as described previously’. 
Flag-tagged mouse MFG-E8 was produced in human 293T cells as described™, 
and the secreted MFG-E8 was purified with anti-Flag M2 beads (Sigma-Aldrich). 

Ca*"/Mg”*-free RPMI1640 medium was purchased from Cell Science & 
Technology Institute. Ca**-free RPMI medium contained 0.5mM MgSO,. 
Ca’*-free FCS was prepared by dialysing FCS for 2 days against PBS, with four 
changes of buffer. Dynasore was purchased from Calbiochem. 

BAPTA-AM was from Dojindo. NBD-PtdCho and NBD-SM were purchased 

from Avanti Polar Lipids. 
Treatment with Ca** ionophore, flow cytometry, and cell sorting. To expose 
PtdSer on the cell surface, 2 X 10° cells in a 96-well microtitre plate were washed 
with PBS, resuspended in 200 ul of HBSS (Gibco) and treated with A23187 
(Sigma-Aldrich) at 37 °C for 15 min. The cells were stained on ice for 15 min with 
2,500-5,000-fold diluted Cy5-labelled Annexin V (Biovision) in staining buffer 
(10 mM Hepes-NaOH pH 7.4 containing 140 mM NaCl and 2.5 mM CaC],) in the 
presence of 5ugml ' PI. Flow cytometry was performed on a FACSAria (BD 
Bioscience) or FACSCalibur (BD Bioscience) and the data were analysed with 
FlowJo Software (True Star). 

A subline of Ba/F3 cells that was sensitive to Ca* -ionophore-elicited PtdSer 
exposure was selected by repetitive sorting with a FACSAria. In brief, after 2 < 10” 
Ba/F3 cells in HBSS had been treated at 37 °C for 15 min with A23187, they were 
suspended in 1 ml of Annexin V staining buffer that had been prechilled to 4°C. 
The cells were stained with Cy5-Annexin V on ice as described above, and sorted 
with a FACSAria whose injection chamber was kept at 4 °C. Cells providing the 
highest level of Cy5 fluorescence signal (the top 0.5-5.0%) were collected and 
resuspended at a density of more than 10° cells ml”! in Ca”*-free RPMI contain- 
ing 5% dialysed FCS, 45 U ml ' IL-3 and 50 uM 2-mercaptoethanol. After 24h the 
cells were resuspended in normal Ca** -containing RPMI medium and expanded 
for the next sorting. 

Construction of the cDNA library. Total RNA was prepared from Ba/F3 PS19 
cells with an RNeasy Mini Kit (Qiagen), and poly(A)* RNA was purified with an 
mRNA Purification Kit (GE Healthcare) with two cycles of oligo(dT)-cellulose 
column chromatography. Double-stranded cDNA was synthesized with random 
hexamers as primers, using a cDNA synthesis kit (SuperScript Choice System for 
cDNA Synthesis; Invitrogen). A BstXI adaptor was attached, and the fragments 
were size-fractionated by electrophoresis through a 1% agarose gel (Seakem GTG 
agarose; Lonza). DNA fragments longer than 2.5 kb were recovered from the gel 
with a DNA extraction kit (Wizard SV Gel and PCR Clean-up System; Promega) 
and ligated into a BstXI-digested pMXs vector*’. Escherichia coli DH10B cells 
(ElectroMax DH10B; Invitrogen) were transformed by electroporation with a 
Gene Pulser (Bio-Rad). About 9.3 X 10° clones were produced, and plasmid 
DNA was prepared with a QIAfilter Plasmid Maxi Kit (Qiagen). 

Cell fusion. Ba/F3-PSO and Ba/F3-PS19 cells were transduced with pMXs-puro 
EGFP and pMXs-neo DsRed, respectively, and cultured in the presence of 1 1g 
ml | puromycin or 1mgml~' G418. Ba/F3-PSO EGFP cells and Ba/F3-PS19 
DsRed cells were fused in the presence of PEG1500 and cultured in the presence 
of 1 tg ml’ puromycin and 1 mgml ' G418. The EGFP/DsRed double-positive 
cells were sorted with a FACSAria. 

Screening of cDNA library. Plasmid DNA (108 1g) from the cDNA library was 
introduced by lipofection with FuGENE6 (Roche Diagnostics) into 7.2 10” 
PLAT-E packaging cells*' grown in eighteen 10-cm dishes. Two days after the 
transfection, the viruses in the culture supernatant were centrifuged at 4°C and 
6,000g for 16h, resuspended in RPMI1640 medium containing 10% FCS and 
45Uml ! IL-3, and used to infect 7.2 X 10° Ba/F3 cells in the presence of 8 11g 
ml | Polybrene (Sigma-Aldrich). After a 24-h culture, the medium was replaced 
with fresh medium, and the cells were further cultured for 2 days. The sorting of 
cells that were sensitive to ionophore-induced PtdSer exposure was performed as 
described above. 

Isolation of cDNA fragments from Annexin V-positive Ba/F3 cells. To isolate 
the cDNA integrated into the retroviral vector, the genomic DNA was extracted 
from Ba/F3 cell transformants with the Wizard Genomic DNA Purification System 
(Promega) and subjected to PCR with the Expand Long Template PCR System 
(Roche Diagnostics). The PCR primers (5’-CCCGGGGGTGGACCATCCTCT-3’ 


and 5’-CCCCTTTTTCTGGAGACTAAAT-3’) carried sequences from the pMXs 
vector, and the conditions for PCR were 10 s at 96 °C, 30 s at 58°C and 4 min at 
68 °C for 35 cycles. The PCR fragments were cloned into the pGEM-T Easy vector 
(Promega) and subjected to DNA sequencing analysis with an ABI PRISM 3100 
Genetic Analyser (Applied Biosystems). 

Expression vector for TMEMIG6F and its mutants. The Flag-tag sequence was 
integrated into the EcoRI and Xhol sites of the retroviral vector pMXs-puro, resulting 
in pMXs-puro c-Flag. The full-length coding sequence for mouse TMEM16F 
(GenBank accession number NM_175344) was prepared by RT-PCR with the 
mRNA from Ba/F3 cells. The primers used were as follows (in each primer the 
EcoRI recognition sequence is underlined): 5'-ATATGAATTCGACATGCAGATG 
ATGACTAGGAA-3’ and 5'-ATATGAATTCGAGTTTTGGCCGCACGCTGT-3’. 

The PCR fragments were inserted into the EcoRI site of pMXs-puro c-Flag, and 
the authenticity of the cDNAs was verified by DNA sequencing. 

For the expression plasmid of TMEM16F-mREP, the coding sequence for 
mREP in pcDNA-mRFP (Invitrogen) was joined in-frame to the C terminus of 
mouse TMEM16F and introduced into pMXs vector. 

Expression in mouse Ba/F3 and human 293T cells. The expression vector for 
Flag-tagged TMEM16F in pMXs-puro was introduced into Plat-E cells. The retro- 
virus produced was concentrated as described above and used to infect Ba/F3 cells 
to establish stable transformants. The transformants were selected by culturing the 
cells in medium containing puromycin (1.0 1gml~!). To express TMEM16F- 
mREP, human 293T cells were transfected by lipofection with FuGENE6 with 
the pMXs vector carrying the TMEM16F-mRFP sequence. One day later, the 
transfected cells were observed by fluorescence microscopy (BioRevo BZ-9000; 
Keyence). 

Western blotting. Cells were lysed in RIPA buffer (50 mM Hepes-NaOH pH 8.0 
containing 1% Nonidet P40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl 
and 10% protease inhibitor cocktail (Complete Mini; Roche Diagnostics)). The 
lysate was mixed with 5 X SDS sample buffer (200 mM Tris-HCl pH 6.8, 10% SDS, 
25% glycerol, 5% 2-mercaptoethanol, 0.05% bromophenol blue), boiled for 5 min 
and separated by electrophoresis on a 10% polyacrylamide gel (Bio Craft). After 
the proteins had been transferred to a poly(vinylidene difluoride) membrane 
(Millipore), the membranes were probed with horseradish peroxidase-conjugated 
mouse anti-Flag M2 (Sigma), and peroxidase activity was detected with a Western 
Lightning enhanced chemiluminescence system (PerkinElmer). 

RT-PCR of TMEMI6F cDNA and sequencing of its chromosomal gene in a 
patient with Scott syndrome. Total RNA was prepared from EBV-transformed 
cell lines from a patient with Scott syndrome and from the patient’s parents, and 
from a healthy control. The RNA was reverse-transcribed with Superscript III 
(Invitrogen), in accordance with the manufacture’s protocol, and the TMEM16F 
cDNA was analysed by PCR with the following sets of primers (in each primer 
the additional sequence is underlined): Ex1-FW (5'-ATATGAATTCGACATGA 
AAAAGATGAGCAGGAA-3’), Ex11/12-RV (5'-GCGTTCTTCTTCCTGAGT 
AA-3'), Ex11/12-FW (5'-TTACTCAGGAAGAAGAACGC -3’), Ex20-RV (5'- 
ATATGAATTCTTCTGATTTTGGCCGTAAAT-3’), Ex12-FW (5'- TCTGTG 
CCAGTGCTGTCTTT-3’) and Ex16-RV (5'- CTGCAGATGGTAGTCCTGTT-3’). 

For the sequence analysis of the human TMEM16F chromosomal gene, geno- 

mic DNA was prepared from human cell lines and a 965-bp DNA fragment 
carrying the 226-bp exon 13 and its 5’-flanking and 3’-flanking regions (about 
370bp each) was amplified by PCR with the following primers: 5’-CCA 
GAGTATGCTACTAGTTG-3’ and 5’-TCTCAGCAACCGAGGAACAT-3’. 
The PCR products were purified with a Wizard SV PCR and Gel Clean-up 
System. Cycle sequencing was performed with a BigDye Terminator v3.1 Cycle 
Sequencing kit with a primer of 5’-GGACCTTACCGAAGTTAGTA-3’, and ana- 
lysed with an ABI PRIZM 3100 Genetic Analyser. 
Analysis of exposure of PtdSer and PtdEtn. To analyse the exposure of PtdSer 
and PtdEtn, 10° cells at early exponential phase were washed with PBS, suspended 
in 1.0 ml of cold Annexin V staining buffer with 2,500-5,000-fold diluted Cy5- 
labelled Annexin V or 800-fold diluted biotin-Ro09-0198 (ref. 33) followed by 
1.0 1g ml! APC-labelled streptavidin and 5 pg ml’ PI. The samples were incu- 
bated on ice for 15 min, and flow cytometry was performed on a FACSAria or 
FACSCalibur as described above. For binding of MFG-E8, the cells were sus- 
pended in RPMI1640 containing 10% FCS and then incubated on ice for 20 min 
with Flag-tagged D89E mutant of MFG-E8 (0.4 jig ml ')**. The cells were washed 
with the above medium and incubated on ice for 20 min with 1.0 1g ml” ' hamster 
monoclonal antibody against mouse MFG-E8 (clone 2422). This was followed by 
incubation with phycoerythrin-labelled mouse anti-hamster IgG (BD Bioscience) 
and analysis by flow cytometry with a FACSAria. 

To study the requirement for intracellular Ca**, 10° cells were incubated with 
10 1M BAPTA-AM in RPMI1640 medium containing 10% FCS at 37 °C for 5 min 
for the PtdSer exposure, or for 60 min for the PtdEtn exposure. The cells were 
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washed with Annexin V staining buffer, and stained with Cy5-Annexin V or 
biotin-Ro09-0198 as described above. 

For the kinetic study of the Ca’* -induced PtdSer and PtdEtn exposure, 10° cells 

were washed with PBS, suspended in 1.0 ml of cold Annexin V staining buffer with 
Cy5-labelled Annexin V or a mixture of biotin-Ro09-0198 and APC-labelled 
streptavidin, and 5 pg ml! PI. Cells were mixed on ice with A23187 at a final 
concentration of 0.25 or 0.5u1M, and applied to the injection chamber of a 
FACSAria that was set at 20 °C (for Ba/F3 cells) or 37 °C (for human cell lines) 
to induce the A23187 reaction. Data were recorded for the indicated periods, and 
the PI-positive cells were excluded from the analysis. 
Internalization of NBD-PtdCho and NBD-SM. The internalization of NBD- 
lipid analogues was analysed by flow cytometry essentially as described in refs 8 
and 30. In brief, 10° cells were washed with HBSS and resuspended in 0.5 ml of 
HBSS containing 2 mM CaCl, (HBSS-Ca). An equal volume of HBSS-Ca contain- 
ing 1 uM NBD-PtdCho or NBD-SM was added to the cell suspension and incu- 
bated at room temperature. At each time point, 150 ul of cell suspension was 
collected, mixed with 150 pl of the prechilled (4°C) HBSS-Ca containing 5 mg 
ml ' fatty-acid-free BSA (Sigma-Aldrich), to extract the unincorporated fluor- 
escent lipids, and 500nM Sytoxblue (Molecular Probes). To measure the total 
fluorescence, samples were mixed with HBSS-Ca in the absence of BSA. After 
incubation for 10 min at 4°C to extract the lipid, the cells were analysed with a 
FACSAria for forward scatter, side scatter, logarithmic green fluorescence (NBD), 
and Sytoxblue fluorescence. The Sytoxblue-positive dead cells were excluded from 
the analysis. The fluorescence of NBD-phospholipids that were resistant to the 
BSA extraction was regarded as representing phospholipids that had been incor- 
porated into cells. 

To examine the effect of the Ca? ionophore, 5 X 10° cells were washed with 
HBSS-Ca, resuspended in 0.5 ml of cold HBSS-Ca, and incubated on ice for 7 min. 
Cold HBSS (0.5 ml) containing 0.2 4M NBD-PtdCho or NBD-SM was added to 
the cell suspension and incubated further on ice for 3 min. The cells were then 
mixed with A23187 and incubated at room temperature to induce lipid incorpora- 
tion. A 150-l aliquot was used to determine the incorporated lipid quantity as 
described above. 

Thin-layer chromatography. After incubation of cells with NBD-PtdCho or 
NBD-SM, the phospholipids were extracted from the cells by incubation at room 
temperature for 30 min with a mixture of chloroform, methanol and water (5:10:4, 
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by volume). The phospholipids were separated by thin-layer chromatography ona 
silica gel 60 plate (Merck) with chloroform/acetone/methanol/acetic acid/water 
(5:2:1:1:0.5 by volume) as a solvent. The fluorescence on the plate was detected 
with a LAS4000 image analyser (Fuji Film). 

Intracellular Ca** and Ca’* influx. To determine the intracellular Ca”* con- 
centration, 10° cells were suspended in HBSS, incubated at 37 °C for 10 min with 
0.4 tM Fluo-4-AM (Molecular Probes), washed with HBSS, and analysed with a 
FACSAria. 

The Ca?" influx was measured as described**. In brief, 10° cells were labelled for 
30 min at 37 °C with 1 |1M Fluo-4-AM in RPMI containing 10% FCS. After being 
washed with the Annexin V staining buffer, the cells were kept at 4 °C in Annexin V 
staining buffer. The Ca’ ionophore A23187 was added to the mixture at a final 
concentration of 0.5 1M, and the change in mean fluorescence intensity was directly 
recorded with a FACSCalibur system. The data was analysed with FlowJo Software. 
shRNA. shRNA expression plasmids for mouse Tmem16f in a pRS shRNA vector 
carrying the puromycin-resistance gene were purchased from OriGene. The target 
sequence of the shRNA for Tmem16f was 5'-CATCTACTCTGTGAAGTTC 
TTCATTTCCT-3’. The scrambled non-effective shRNA (5'-GCACTACCAGA 
GCTAACTCAGATAGTACT-3’) in pRS was from OriGene. Ba/F3 cells were 
infected with retrovirus containing the shRNA, and cultured in the presence of 
1.0ugml~' puromycin. Puromycin-resistant cells were subjected to cloning by 
limited dilution. The Tmem16f mRNA was quantified by real-time PCR, and the 
clones that showed the decreased expression were used for further study. 
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Glioblastoma stem-like cells give rise to tumour 


endothelium 


Rong Wang’, Kalyani Chadalavada‘, Jennifer Wilshire’, Urszula Kowalik', Koos E. Hovinga!®, Adam Geber', Boris Fligelman', 


Margaret Leversha*, Cameron Brennan'*” & Viviane Tabar!? 


Glioblastoma (GBM) is among the most aggressive of human cancers’. 
A key feature of GBMs is the extensive network of abnormal vascu- 
lature characterized by glomeruloid structures and endothelial hyper- 
plasia’. Yet the mechanisms of angiogenesis and the origin of tumour 
endothelial cells remain poorly defined* >. Here we demonstrate that 
a subpopulation of endothelial cells within glioblastomas harbour 
the same somatic mutations identified within tumour cells, such as 
amplification of EGFR and chromosome 7. We additionally demon- 
strate that the stem-cell-like CD133* fraction includes a subset of 
vascular endothelial-cadherin (CD144)-expressing cells that show 
characteristics of endothelial progenitors capable of maturation into 
endothelial cells. Extensive in vitro and in vivo lineage analyses, 
including single cell clonal studies, further show that a subpopula- 
tion of the CD133* stem-like cell fraction is multipotent and capable 
of differentiation along tumour and endothelial lineages, possibly 
via an intermediate CD133*/CD144* progenitor cell. The findings 
are supported by genetic studies of specific exons selected from 
The Cancer Genome Atlas®, quantitative FISH and comparative 
genomic hybridization data that demonstrate identical genomic 
profiles in the CD133* tumour cells, their endothelial progenitor 
derivatives and mature endothelium. Exposure to the clinical anti- 
angiogenesis agent bevacizumab’ or to a y-secretase inhibitor*® as 
well as knockdown shRNA studies demonstrate that blocking 
VEGF or silencing VEGFR2 inhibits the maturation of tumour 
endothelial progenitors into endothelium but not the differentiation 
of CD133* cells into endothelial progenitors, whereas y-secretase 
inhibition or NOTCH1 silencing blocks the transition into endothe- 
lial progenitors. These data may provide new perspectives on the 
mechanisms of failure of anti-angiogenesis inhibitors currently in 
use. The lineage plasticity and capacity to generate tumour vascula- 
ture of the putative cancer stem cells within glioblastoma are novel 
findings that provide new insight into the biology of gliomas and the 
definition of cancer stemness, as well as the mechanisms of tumour 
neo-angiogenesis. 

Blood vessels within GBM express a variety of markers, including 
CD31 and CD105 (also known as PECAM1 and ENG, respectively); 
CD105 is a proliferation-associated molecule expressed in angio- 
genic endothelium’. Quantitative analysis of 16 GBM specimens by 
fluorescence-activated cell sorting (FACS) and immunohistochem- 
istry showed that more than 70% of CD105* cells co-express CD31 
(Fig. 1a, b), VEGFR2 (also known as KDR) and von Willebrand factor 
(also known as VWF), exhibit endothelial morphology, and labelling 
by Dil-AcLDL (1,1’-dioctadecyl-3,3,3’,3'-tetramethyl-indocarbocyanine 
perchlorate, ref. 10), suggesting an endothelial phenotype (Sup- 
plementary Fig. la). On average, ~5% of the total cell population 
expressed CD31 in normal brain and GBM specimens (n = 7), whereas 
CD105" cells were essentially absent in normal brain (Supplementary 
Fig. 1b). CD105" cells were also isolated by FACS from fresh GBM 


specimens and injected with a collagen matrix’ into the flank of 
NOD-SCID mice. The resulting implants were composed of a network 
of vascular channels of human origin, expressed CD105 and CD31 and 
showed evidence of uptake of systemically injected lectin (Fig. 1c). 

Whereas endothelial cells in GBMs are often classified as “hyper- 
plastic’, the abnormal blood vessel architecture, the distinct gene 
expression profiles’? and the selective emergence of abnormal vessels 
in GBMs versus lower grade gliomas’ suggest a more complex ontogeny 
of GBM endothelium. We performed quantitative fluorescence in situ 
hybridization (FISH) analyses for EGFR and chromosome 7 (ref. 13) on 
CD105° cells isolated by FACS and on sections of the corresponding 
GBM parent tumour (Fig. 1d, e and Supplementary Fig. 2). The pro- 
portion of CD105* cells harbouring =3 copies of the EGFR amplicon 
or the centromeric portion of chromosome 7 was comparable to the 
proportion of tumour cells with the same aberrations (Supplementary 
Table 1a). We also performed quantitative PCR (qPCR) for three seg- 
ments of the EGFR amplicon (exons 4, 9 and 11), known to be mutated 
at high frequency according to data from The Cancer Genome Atlas°. 
The data demonstrate a similar copy number in the CD105™ cells and 
the corresponding parent tumour (Supplementary Table 1b) and indi- 
cate that a proportion of tumour endothelial cells within GBM is in fact 
neoplastic. 

CD133 is a cell surface glycoprotein used extensively as a marker of 
putative cancer stem cells (CSCs) but also expressed in haematopoietic 
stem cells'*"'*. Although the specific identity and definition of CSCs 
remains a matter of debate, we proposed that the CD133” fraction 
may be related to the endothelial differentiation potential observed. 
Acutely dissociated cells from a series of 14 GBMs were fractionated 
into four groups: (1) CD144*/CD133_, (2) CD144*/CD133* (double 
positive, DP), (3) CD133*/CD144~ and (4) CD133"/CD144” (double 
negative, DN) (Fig. 2a). All samples contained the four fractions, with 
the DN being the largest population (Supplementary Table 4). 
Quantitative PCR with reverse transcription (qRT-PCR) analysis for 
endothelial markers (Supplementary Fig. 3a) demonstrated marked 
enrichment of VEGFR2 and the endothelial progenitor marker CD34 
in the CD144*/CD133~ and in the DP populations. CD105 was con- 
sistently absent in the CD133* and CD144" fractions. To define lineage 
potential further, DP cells were cultured for 5 days in endothelial cell 
medium which resulted in the downregulation of CD 144, the upregula- 
tion of CD105 and CD31 as well co-expression of VEGFR2 and CD34 
and labelling with Dil-AcLDL (Fig. 2b and Supplementary Fig. 3b). 
When grown in three-dimensional (3D) gel cultures, the in vitro DP- 
derived endothelial cells form vascular networks reminiscent of normal 
endothelium, but also thickened channel walls and areas of confluence 
more suggestive of abnormal tumour vessels (Fig. 2c, d). The primary 
CD105* cells also form glomeruloid-like structures in 3D gel, with high 
lectin uptake (Supplementary Fig. 1c). DP-derived CD105* cells were 
sorted and injected subcutaneously in NOD/SCID mice, giving rise to 
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Figure 1 | CD105* endothelial cells in GBM harbour genomic aberrations. 
a, FACS analysis and quantification of GBM-derived CD105* cells shows co- 
expression of other endothelial cell markers (CD31, VEGFR2) and uptake of 
Dil-AcLDL(n = 3). FITC, fluorescein isothiocyanate; PE, phycoerythrin 

b, CD105 immunostaining in GBMs delineates microvessels co-labelling with 
CD31 and glomeruloid vessels surrounded by caldesmon (CALD)-expressing 
pericytes. c, Functional neovessel formation by GBM-derived CD105” cells in 
the flank of NOD-SCID mice. Confocal immunofluorescence demonstrates 
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Figure 2 | GBM-derived CD133* cells include a fraction of endothelial 
progenitors a, Representative FACS analysis of a GBM specimen with 
fractionation into four cell subpopulations based on the expression of CD133 
and vascular E-cadherin (CD144). b, Immunofluorescence analysis of DP 
(CD133*/CD144"*) cells upon differentiation demonstrates co-expression of 
endothelial markers and Dil-AcLDL uptake. ¢, d, In Matrigel, DP cells will 
exhibit Dil-AcLDL uptake and form tubular networks comparable to those 
shown by normal endothelial cells, as well as areas of thickened walls where cells 
are more proliferative. Scale bars, 100 lum in b and d; 300 jm in c. 
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co-localization of a human mitochondria marker with CD31 and uptake of 
lectin by the CD105* vessels in the implants. d, Immuno-FISH of CD105° 
vessels in GBM specimens (case 76, 78) shows multiple copies of the EGFR 
amplicon (arrows). e, FISH on CD105* cells sorted from GBMs confirms 
amplification of EGFR (red) and chromosome 7 centromere (Chr7, green) 
(arrows). Control nuclei, individually contoured, are from normal human 
fibroblasts. Scale bars, 50 um. Error bars, s.d. 


vascularized plugs identical to those obtained from primary CD105* 
cells (Supplementary Fig. 1d). 

The CD144*/CD133° cell fraction was often very small but showed 
a restricted differentiation and immunohistochemical profile (Sup- 
plementary Fig. 3c, d). When grown in Matrigel, the CD144°/ 
CD133 cells develop tubular, capillary-like structures” and no glomeruli 
(Supplementary Fig. 3e). CD144*/CD133° cells do not express neural 
markers or form neurospheres, thus indicating a more restricted endothe- 
lial precursor cell identity (Supplementary Fig. 3f). Unsupervised cluster- 
ing of transcriptome data was performed on several data sets including 
independent samples of the four sorted tumour subpopulations, as well as 
CD144* human embryonic stem-cell-derived endothelial precursors and 
bone-marrow-derived CD34* endothelial progenitors (Supplementary 
Fig. 3g). Taken together, these results indicate that GBMs comprise cell 
fractions capable of endothelial cell differentiation. 

The identification of genomic aberrations in tumour endothelium 
and the presence of endothelial progenitors within the CD133” putative 
CSC fraction in GBMs, led us to postulate that DP cells may represent 
the neoplastic origin of tumour endothelium and could derive from the 
CD133* CSC fraction. CD133*/CD144~ cells were then labelled with 
EF«-1::GFP (elongation factor «1-green fluorescent protein) lentiviral 
vectors, triple sorted, and GFP*/CD133*/CD144 cells were co- 
cultured in the presence of tumour cells. On day 5, FACS analysis 
demonstrated the emergence of a GEP*-DP population (Fig. 3a, b). 
When placed in collagen cultures, the GFP*-DP cells had intracellular 
vacuoles suggestive of early lumen formation by endothelial tubes” 
(Fig. 3c), and differentiation into cells that express CD105 and CD31 
and exhibit Dil-AcLDL uptake (Fig. 3d and Supplementary Fig. 4a). 
Importantly, co-culture with tumour cells is essential for the emergence 
of DP cells (Fig. 3a, b). Our data confirm that the DP endothelial 
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Figure 3 | CD133*/CD144° cells are multipotential and give rise to 
endothelial cells via an endothelial progenitor intermediate. a, b, Co- 
cultures of CD133*/CD144~ cells with tumour cells give rise to endothelial 
progenitors that co-express CD133 and CD144 (DP) as shown and quantified 
by FACS analysis (n = 3). APC, allophycocyanin. c, GFP” -derived DP cells 
form intracellular vacuolar structures in collagen gel, characteristic of 
endothelial cells. d, Immunohistochemistry of CD133*/CD144 -derived 
endothelial cells (n = 3). e, f, Single cell clonal analysis of GFP-labelled 
CD133*/CD144° cells. GFP* clones derived from single cells are seeded under 
neural or endothelial conditions. Normal endothelial precursor cultures (EPC) 
and human dermal fibroblasts (HDF) were used as controls. Under endothelial 
conditions, all cells except HDF express endothelial but not neural markers. 
Under neural conditions, cells from the same GFP/CD133* clone are positive 
for GFAP and nestin but not endothelial markers, while controls are negative 
for all markers. Scale bar, 50 um. Errors are s.d. 
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progenitors within GBM can arise from the CD133* cell population 
and are capable of differentiating into endothelial cells of tumour origin. 
Of note, the tumour cells used in these co-culture experiments originate 
from tumours with different genetic backgrounds and transcriptomal 
subclasses (Supplementary Tables 2 and 3). 

Recent data support a close interaction”' or a lineage relationship” 
between endothelial cells and neural stem cells. We next explored 
whether endothelial differentiation of CD133*/CD144~ can be further 
promoted by extrinsic signals. To this end, CD133*/CD144° cells were 
isolated from GBM samples, stably transduced with EFx-1::GFP lenti- 
viral vectors, sorted for GFP‘ /CD133*/CD144_ and co-cultured with 
tumour-derived endothelial cells. GFP-expressing endothelial cells 
were identified at 7-10 days in vitro as demonstrated by co-labelling 
of GFP with CD105 and CD31, and also incorporation of Dil-AcLDL. 
Control experiments using GFP-labelled CD133° cells did not yield 
any endothelial cells (Supplementary Fig. 4b). The CD133*/CD144_ 
population formed neurospheres and readily differentiated along the 
three main CNS lineages (Supplementary Fig. 4c). Whereas these data 
are suggestive of the multipotent nature of the CD133"/CD144 cells, 
they do not rule out the presence of heterogeneous populations within 
the CD133"/CD144 fraction with distinct differentiation potentials. 
We thus performed single-cell clonal studies of CD133"/CD144 cells 
as well as normal endothelial cells and fibroblasts as controls (Sup- 
plementary Fig. 4d). The data demonstrate both endothelial and neural 
differentiation potential within a single-cell derived clone confirming 
that CD133°/CD144~ cells are capable of generating tumour cells 
and tumour-derived endothelium (Fig. 3e, f). FISH for EGFR and 
chromosome 7 in the clones confirmed the presence of genomic ampli- 
fications identical to those exhibited by the parent tumour tissue 
(Supplementary Fig. 4e). 
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We next tested the fate of the various tumour cell fractions upon 
transplantation in vivo. CD133'/CD144_, DP, CD144*/CD133 and 
DN cells were injected into the striatum of immunodeficient mice. All 
grafted animals developed tumours with the exception of those that 
received cells from the DN and CD144"/CD133 fraction. DP and 
CD133*/CD144~ gave rise to large, highly infiltrative and hyperproli- 
ferative tumours showing strong expression of nestin (Fig. 4a). Whereas 
all xenograft tumours had a comparable volume and proliferation rate, 
the DP-derived tumours showed significantly increased levels of vascu- 
larization as demonstrated quantitatively (Supplementary Fig. 5a). 

Some of the animals were grafted with stably GFP-marked CD133* 
cells allowing us to serially passage GFP-labelled CD133*/CD144_ 
cells from the primary xenograft in NOD-SCID mice. Secondary 
tumours formed at similar efficiency and showed comparable cell 
composition to the first passage cells. FACS analysis of GFP labelled 
xenograft cells demonstrates expression of endothelial markers, 
including CD105 and CD34 (Fig. 4b). After a second passage in vivo, 
tumours were sorted again for GFP*/CD133*/CD144° cells, which 
upon culture gave rise to GFP-labelled CD31* and CD105* cells, thus 
demonstrating maintenance of the multipotential phenotype (Fig. 4c). 
Immunohistochemical analysis, including confocal microscopy, 
demonstrated tumour blood vessels with typical morphology that 
express human markers. Tumour-bearing animals were also injected 
systemically with lectin, resulting in vessel-specific uptake and co- 
labelling with human markers (Fig. 4d, e and Supplementary Fig. 6). 
Thus, multipotency—including differentiation capacity along 
endothelial lineages—is maintained within the CD133*/CD144~ 
population in vivo and upon passaging. However, in the absence of 
clonal studies in vivo, true multipotency of tumour stem-like cells 
cannot be definitively confirmed. 

A more comprehensive and quantitative analysis of genomic aber- 
rations was conducted in order to verify the lineage relationship 
among the different tumour subpopulations. qPCR for the EGFR 
exons as described above® demonstrates the highest copy number 
within the CD133*/CD144~ population followed by the endothelial 
progenitors (DP) and the CD105* cells (Supplementary Fig. 5b). 
Interestingly, the CD31” cells and the CD144"/CD133 progenitors 
showed lower levels of amplification, indicating that they may include 
a significant proportion of genotypically normal cells. We propose that 
these cells largely represent normal endothelium and circulating 
endothelial progenitors, respectively. This is compatible with the more 
restricted endothelial fate demonstrated by the CD144*/CD133 cells 
as shown above (Supplementary Fig. 3c, e, f). Quantitative FISH studies 
for copy number of EGFR and chromosome 7 per cell were performed 
on CD133*/CD144_, DP and CD105" cells and revealed a substantial 
proportion of cells bearing the neoplastic aberrations in each popu- 
lation, ranging from 47.3% to 71.7% (Supplementary Fig. 5c). To 
address genomic alterations in tumour cells in a more unbiased man- 
ner we performed array comparative genomic hybridization (CGH) on 
the fractionated populations (Supplementary Fig. 7). The CGH data 
showed similar patterns of genomic aberrations in tumour cells as well 
as the endothelium and its progenitors, at variable amplitudes and 
across different regions, thus demonstrating a similar paradigm even 
in tumours that do not exhibit EGFR gain. We performed transcrip- 
tome analyses on a set of 18 tumours used in this study and found a 
random distribution of commonly described genotypes as well as rep- 
resentation of all TCGA-defined transcriptomal classes (Supplemen- 
tary Table 3). Finally, we performed metaphase spreads on purified cell 
fractions of CD133°/CD144 , DP and CD105* following short-term 
culture. The majority of the cells had a highly abnormal but near- 
diploid karyotype, indicating that nuclear fusion is a very unlikely 
explanation for the lineage transition from cancer cell to endothelial 
progenitor or mature cell (Supplementary Fig. 5d). Vascular mimicry 
has been described in melanoma”’ and other tumours; aneuploidy 
was also shown in renal cell cancer endothelium, but not matched to 
parent tumour cells’. 
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Figure 4 | Cancer stem-like cells and endothelial progenitors give rise to 
tumour and endothelial cells in vivo. a, Representative magnetic resonance 
imaging (MRI) images from mice that received injection of DN, CD133*/ 
CD144 or DP cells from primary GBM specimens. T2 sequences demonstrate 
infiltrative tumours except in the DN group. Tumours were hypercellular on 
haematoxylin and eosin (H&E), showed high proliferation rates (Ki67) and 
nestin expression. Immunostaining for human-specific CD31 demonstrates 
the presence of vessels of human origin within the tumours. NA, human 
nuclear antigen. b, FACS plots (left) and quantitative analysis (right) for 


We investigated the impact of DAPT (N-[N-(3,5-difluorophenacetyl)- 
L-alanyl|-S-phenylglycine t-butyl ester), a y-secretase inhibitor that 
effectively inhibits Notch signalling®’, and bevacizumab, a VEGFA- 
binding antibody’ currently in clinical use, on the differentiation of 
CD133*/CD144~ to DP and then to CD105~ cells. Exposure to 
bevacizumab did not have an impact on the ability of CD1337/ 
CD144 cells to differentiate into endothelial progenitors, yet it 
blocked further maturation from DP into CD105~ endothelial cells. 
In contrast, y-secretase inhibition resulted in significant suppression of 
the transition from CD133*/CD144_ to DP, but did not affect matura- 
tion to CD105™ cells. To demonstrate the specific roles of the Notch 
and VEGF pathways, we performed knockdown studies targeting the 
NOTCHI and VEGFR2 receptors. The gene silencing data further 
supported the results of the inhibitor studies (Supplementary Figs 8b 
and 9). Gene expression analysis shows significant upregulation of 
NOTCH1/2 and VEGFR1/2 in the CD133*/CD144 and DP groups, 
respectively (Supplementary Fig. 8). These preliminary studies offer a 
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endothelial marker expression in xenograft tumours (GEP*/CD133*/CD144— 
cells) and controls (DN). (# = 3, s.d.). 7-AAD, 7-aminoactinomycin. FL-1 and 
2, fluorescent channels 1 and 2; mlgG, mouse immunoglobulin G. c, Xenograft 
derived GEP*/CD133*/CD144 cells express endothelial markers upon in 
vitro differentiation (arrows). d, Uptake of systemic lectin in tumour xenografts 
demonstrates blood vessels that co-label with human endothelial markers 
(CD31 and CD105). e, Confocal microscopy of xenograft microvasculature. 
Scale bars, 100 [tm in a; 50 im in c; 140 um in d; 10 pm ine. 


novel perspective of the roles of the VEGF and Notch pathways in 
glioma biology, although the functional consequences of VEGF or 
Notch blockade remain to be determined. 

Despite some promise, bevacizumab therapy is often interrupted by 
GBM progression characterized by a decrease in abnormal vascularity 
and significant invasive tumour behaviour’®. Based on the paradigm 
presented here (Supplementary Fig. 9a), bevacizumab failure could be 
conceivably due to the disruption of the dynamic relationships 
between the tumour fractions. 

In summary, our data demonstrate that a subpopulation of cells 
within GBM can give rise to endothelial cells via a bipotential progenitor 
intermediate, and that the CD133~ cancer stem-cell-like fraction 
includes a population of endothelial progenitors. An in-depth under- 
standing of the lineage relationship between tumour cells and endothe- 
lial progeny should provide new insights into CSC biology and tumour 
self-renewal. Given the strong correlation of tumour grade and neo- 
plastic vasculature in human gliomas, agents that could block endothelial 
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transition of tumour cells may provide a novel therapeutic strategy for 
this currently intractable disease. 


METHODS SUMMARY 


All experiments were conducted on freshly obtained surgical specimens of glio- 
blastoma tumour; a neuropathologist confirmed the diagnosis on frozen section 
before tissue acquisition. Tumours were newly diagnosed or recurrent. A total of 
78 tumours were used in the study. Cell fractions were sorted using standard 
methods at our FACS facility; in vitro experiments were conducted on short- 
passage cultures (maximum of five passages) if needed. A total of 34 xenografts 
were obtained in immunodeficient mice following intrastriatal implantation of cell 
populations as indicated in the Methods. A lentiviral vector expressing GFP under 
a PGK promoter (gift from M. Sadelain) was used for cell labelling and sorting. 
Cytogenetic analyses were conducted using standard methods at the Cytogenetics 
Core facility at Sloan Kettering Cancer Center. Knockdown experiments were 
performed using lentiviral vectors expressing shRNA for NOTCH1 or VEGFR2 
(Santa Cruz). All experiments were carried out in triplicates or greater. Data are 
expressed as mean + s.d. P values were determined following two-tailed student’s 
t-test. A P value of <0.05 was considered significant. Tissues were obtained after 
patients’ written consent under a protocol approved by the institution’s Institutional 
Review Board. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Tissue processing. Surgical specimens were collected from the surgical suite at 
Memorial Sloan Kettering Cancer Center, following diagnostic confirmation by a 
neuropathologist. Tissues were obtained after patients’ written consent under a 
protocol approved by the institution’s Institutional Review Board. Tumours were 
cut mechanically first (Mcllwain Tissue Chopper) then dissociated into single cells 
with Liberase Blendzyme 1 (Roche) as described previously”. 

Single cells were blocked with human FcR (1:20, Miltenyi Biotec) at 4°C for 
20 min before incubation with primary antibodies for 30 min. Cells from xeno- 
grafts were further blocked with 2,4-G2 (1:100; Santa Cruz Biotechnology) before 
incubation with antibodies. Cells were incubated with primary antibodies, washed 
and reincubated with appropriate secondary antibodies and resuspended in FACS 
buffer?’ (containing 1X Ca2*/Mg2*-free HBSS (Invitrogen), 10 mM of HEPES, 
0.156% of glucose and 0.5% of low endotoxin BSA fraction V, all from Sigma 
(Sigma-Aldrich), at a pH of 7.2) with 1 pg ml ! 7-aminoactinomycin D (7-AAD, 
BD Pharmingen) before analysis. Mouse IgG1 or secondary antibody alone served 
as control for unspecific binding. Samples were analysed on a FACS Aria flow 
cytometer with CellQuest software (BD Biosciences) and data were analysed using 
FlowJo software (Tree star). A minimum of 10,000 events were counted and cell 
surface expression was analysed in 7-AAD-negative live cells. Antibodies used 
include: phycoerythrin- or allophycocyanin-conjugated anti-CD133 (1:20, 
Miltenyi Biotec); FITC-conjugated anti-CD144 (1:20, Abcam), anti-CD105 
(1:20, BD Biosciences) and anti-CD31 (1:20, BD Biosciences); mouse anti-human 
CD31 (1: 40; BD Biosciences), mouse anti-human CD105 (1:40; Dako), mouse 
anti-human VEGFR2 (1:40; Abcam), mouse anti-human CD34 (1:20; Abcam), 
mouse anti-human CD 144 (1:20; Abcam); mouse anti-human CD133 antibodies 
(AC141 and AC133 epitopes (1:20 each), Miltenyi). FITC-conjugated lectin and 
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated lectins were pur- 
chased from Vector and Sigma separately. 

DNA and RNA preparation. FACS-sorted cell populations from 21 glioblastoma 
patients were used to extract total RNA using an Absolutely RNA Nanoprep kit 
(Stratagene) or an RNeasy Kit (Qiagen). All RNA samples were pre-treated with 
DNase. Sorted cell populations from eight glioblastoma patients were used to 
isolate genomic DNA using the Picopure DNA extraction kit (Molecular 
Devices), followed by phenol (Invitrogen) extraction. 

In vivo studies. Adult female NOD/SCID or male NOD/SCID gamma (NSG) 
mouse (Jackson Laboratory) were anaesthetized with ketamine/xylazine (Hospira) 
and placed in a stereotaxic frame (Stoelting Company). Freshly sorted cells were 
injected into the right striatum immediately after sorting at the following coordi- 
nates (relative to bregma): AP = +0.5, ML= —2, and DV = —2.7. Animals 
received 10,000 cells each of CD133*/CD144”, CD133"/CD144* or DP. NSG 
mice received 500 cells each of CD133*/CD144 or DP. DN cells were used in 
three separate doses (10,000, 50,000 and 100,000 cells). Animals were killed upon 
exhibiting symptoms. Some animals received FITC-conjugated lectin by retro- 
orbital injection before killing. Total animals grafted n = 40. 

The gel implantation assay was modified from ref. 11. Briefly, GBM- or DP- 
derived CD105* (10° or 2X 10° per ml) were resuspended in Collagen IV 
(Chemicon). GBM- or DP-derived cell-gel suspension (500 ll) was injected sub- 
cutaneously below the xiphoid in four or three mice separately. Some animals 
received TRITC-conjugated lectin by tail vein injection before killing. After trans- 
plantation (21 days) the implants were retrieved, fixed overnight in 4% (v/v) 
buffered formalin at 4°C, embedded in Optimal Cutting Temperature 
Compound (0.C.T. compound, Sakura Finetek) and sectioned on a freezing cryo- 
stat (Leica) for histological examination. Animals were housed and cared for in 
accordance with the National Institutes of Health (NIH) guidelines for animal 
welfare and all animal experiments were performed in accordance with protocols 
approved by our Institutional Animal Care and Use Committee (IACUC). 
Animal imaging. In vivo magnetic resonance imaging was performed on a Bruker 
Biospec 4.7-Tesla 40-cm horizontal bore magnet. The system is equipped with a 
200 mT m“' gradient system. Examinations were conducted using a 72-mm birdcage 
resonator for excitation, and detection was achieved using a 3 cm surface coil. T2- 
weighted spin echo images were acquired consecutively using a rapid-acquisition 
relaxation enhanced sequence (RARE). Animals were anesthetized with 2% isoflur- 
ane in N>/O, mixture. 

Immunofluorescence. Primary antibodies were chicken anti-GFP (1:1,000; 
Chemicon), mouse anti-human CD31 (1:400; Abcam); mouse anti-human CD34 
(1:400; Abcam), mouse anti-human CD 105 (1:400; Dako); mouse anti-human VWF 
(1:100; Dako); mouse anti-human VEGFR2 (1:200; Abcam); mouse anti-human 
Ki67 (1:400; Dako); mouse anti-human NCAM (1:150; Santa cruz Biotechnology), 
mouse anti-human mitochondria (1:200; Chemicon), mouse anti-human nestin 
(1:400; Millipore), mouse anti-human nuclear antigen (1:500; Chemicon), rabbit 
anti-human GFAP (1:1,000; Chemicon), mouse anti-human Tujl (1:500; Covance), 
mouse anti-O4 (1:200; Chemicon), rabbit anti-human caldesmon (1:400; Novus 


Biology). The following secondary antibodies were used: Alexa Fluor 488- 
conjugated goat anti-chicken or mouse or rabbit (1:1,000), Alexa Fluor 555- 
conjugated goat anti-mouse or rabbit (1:1,000), Alexa Fluor 555-conjugated goat 
anti-mouse IgM (1:500), all from Molecular Probes (Invitrogen). 

Cell culture and clonal assays. GFP labelling was obtained by incubation with a 
PGK-GFP lentiviral vector (gift from M. Sadelain). For sphere cultures, freshly 
sorted CD133*/CD144-, DP and CD133~/CD144* cells were cultured under 
clonal conditions (1,000 cells per cm? or 5 cells per il) in low-adherence plates 
(Corning) and maintained in serum free-Neurobasal medium supplemented with 
N2 (Invitrogen), 2mM L-glutamine, 20 ng ml’ recombinant human epidermal 
growth factor, and 10 ng ml! recombinant human fibroblast growth factor 2 (all 
from Invitrogen). Neurospheres were reseeded every 5 days after dissociation with 
Accutase (Innovative Cell Technologies). For neural differentiation, CD133°/ 
CD144 cells were cultured in laminin coated plates (BD Biosciences) using 
NeuroCult NS-A Differentiation Kit (human) (Stem Cell Technologies). 

For endothelial progenitor cells, freshly sorted DP or CD144*/CD133 cells 
were seeded on human fibronectin-coated plates (BD Biosciences) at a density of 
10° ml”! with endo-cult liquid medium Kit (Stem Cell Technologies) for propaga- 
tion. DP, CD144°/CD133 or CD133*/CD144  -derived DP cells were grown to 
75% confluence and switched to M199 medium (Invitrogen) for quantification of 
endothelial differentiation as described previously". GBM-derived CD105* cells 
were grown in M199 medium”? for 2 days before FACS analysis. The functional 
assay for endothelial cells was performed by incubation of cells with 10 pg ml” of 
Dil-labelled acetylated low density lipoproteins (Dil-AcLDL) (Molecular Probes, 
Invitrogen) for 4h. 

For DP induction culture, GFP-labelled CD133°/CD144~ were co-cultured with 
tumour cells at a 20:1 ratio in N2 medium. The CD133*/CD144° -derived DP cells 
were sorted by FACS after 5 days for further characterization. A minimum of 100 
cells were counted in triplicate assays. They were cultured in three-dimensional 
collagen gel””. For differentiation of CD133*/CD144° to endothelial cells, tumour 
endothelial cells and GFP labelled CD133*/CD144° cells or control cells were 
resuspended in endo-cult medium and grown on fibronectin coated plates for 
7 days at a ratio of 100:1. Single cell clonal assays were performed by seeding freshly 
sorted single GFP-labelled cells on multi-well plates. Wells containing single green 
cells were identified and monitored until clone formation is established. Single-cell- 
derived clones were further sub-cloned and propagated twice, dissociated and 
seeded under neural and endothelial differentiation conditions as described above. 
Human umbilical cord-derived CD133* endothelial precursor cells (Biochain) or 
human dermal fibroblasts (Cell Applications) were maintained as per manufacturer 
instructions and used as control in clonal analysis. 

Inhibitor studies. For drug treatment assays, cells were cultured in DP induction 
medium or endothelial differentiation medium containing 5 [1M of the y-secretase 
inhibitor DAPT  (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine 
t-butyl ester, Sigma-Aldrich) or 1 pg ul! of bevacizumab (Genentech). Treated 
cells were analysed by FACS analysis after 48 h incubation. VEGF was measured in 
the culture medium with a human VEGF ELISA Kit (Invitrogen) following the 
manufacturer directions. 

Knockdown studies. GBM-derived fresh DP and GFP-CD133sp cells were 
infected with shRNA virus targeting VEGFR2 or NOTCHI or a control virus 
(all from Santa Cruz Biotechnology). NOTCH1 shRNA lentiviral vector mix 
contains three target-specific constructs: CACCAGTTTGAATGGTCAATTCAA 
GAGATTGACCATTCAAACTGGTGTTTTT; CCCATGGTACCAATCATGA 
TTCAAGAGATCATGATTGGTACCATGGGTTTTT; CCATGGTACCAATC 
ATGAATTCAAGAGATTCATGATTGGTACCATGGTTTTT. VEGFR2 shRNA 
lentiviral vector mix contains three target-specific constructs: ACTGTGGTGATT 
CCATGTCTTCAAGAGAGACATGGAATCACCACAGTTTTTT; ACTTGTAA 
ACCGAGACCTATTCAAGAGATAGGTCTCGGTTTACAAGTTTTTT; CACC 
TGTTTGCAAGAACTTTTCAAGAGAAAGTTCTTGCAAACAGGTGTTTTT. 
The infected cells were selected with 2-4,gml-' puromycin (Santa Cruz 
Biotechnology) and used for FACS analysis and/or collected for RT-PCR as 
described above after 5 days in selection. 

In vitro angiogenesis assay. Intracellular vacuole formation was evaluated by 
culturing CD133*/CD144° -derived DP cells in three-dimensional collagen gel 
as described in ref. 20. Tubular network formation was assessed by culture in 
growth factor reduced Matrigel assay Kit (BD Biosciences) following the protocol 
from ref. 19. 

Cytogenetic analyses and genomic PCR. Fluorescence in situ hybridization was 
performed using BAC clone RP11-339F13 and PAC clone RP5-1091E12 spanning 
the EGFR locus in 7p11, both labelled with Red-dUTP, together with a chro- 
mosome 7 centromere repeat DNA probe labelled with Green-dUTP targeted at 
the centromeric region of chromosome 7 (7p11.1-7q11.1 D7Z1 alpha satellite 
region). FISH was performed on sorted cells post cytospin on glass slides. A 
minimum of 100 cells in interphase were analysed. Human dermal fibroblasts 
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(HDF) served as normal control. The false positive rates for FISH probes was 
determined as 1% (s.d. = 1.3) and the cut-off level for the diagnosis of amplifica- 
tion was set at 5% (>3s.d.) (n = 3, total counted 2,000 control cells). 

FISH on tumour sections, as reported in Supplementary Tables 1b and 2, was 
performed independently by the Clinical Cytogenetics Facility at Memorial Sloan 
Kettering Cancer Center, as part of a now routine molecular diagnostic test. The 
probe used is the 7p12 LSI EGFR and the 7p11.1-7q11.1 CEP (D7Z1 alpha 
satellite) dual colour probe, purchased from Abbott Molecular. 

Fluorescence immunophenotyping and interphase cytogenetics, a technique 
combining immunohistochemistry for CD105 and FISH for EGFR, was carried 
out on 10-t1m thick tissue sections. Normal human brain cerebral-cortex sections 
(Biochain) were used as controls. 

In a copy number quantification reaction by real-time PCR, EGFR primers were 
designed based on published data®’*”*”°. Genomic DNA (10 ng) from sorted cells or 
normal human brain was used as template to examine the copy number of exons 4, 9, 
11 in the EGFR gene; GAPDH was used as reference gene. Each replicate was 
normalized to GAPDH to obtain a AC,, and then an average AC, value for each 
sample (from the three replicates) was calculated. All samples were then normalized 
to the calibrator sample (normal human brain) to determine AAC,, Relative quantity 
(RQ) is 244%, and copy number is 2X RQ. The EGFR copy number in each 
population was defined by the average of copy number from three exons. Error bars 
indicate the range of the data from the three exons in each of the three samples. 

Karyotype analysis was performed on metaphase spread of FACS-purified cell 

subpopulations that were in culture for 3 days. The cultures were treated with 
Colcemid (0.1 1g ml’) for 1.5h before in situ metaphase preparation according 
to standard cytogenetics procedures. 
CGH studies. Comparative genomic hybridization (CGH) assay was performed 
by hybridizing genomic DNA from sorted cells with 44K human genome CGH 
arrays, and frozen banked whole tumour on 244K and 1M human genome CGH 
arrays (all commercial arrays from Agilent). DNA from sorted cells was prepared 
as described above. DNA extraction, purification, labelling and hybridization were 
performed at Sloan Kettering Cancer Center’s Genomics Core Facility according 
to the manufacturer’s instructions. Log, ratios were normalized by Lowess against 
probe intensity and mean %GC of the genomic region mapped to by the probe. 
Segmentation of normalized log, ratios was by Circular Binary Segmentation 
(CBS, R package DNAcopy). 

A separate method was used to investigate whether an amplicon identified by 
CBS in one cell fraction might be present in a minor subpopulation in other cell 
fraction at a level not detected by CBS. A region of interest (ROI) is defined by the 
boundaries of the amplicon detected by CBS. Then this region is investigated in the 
CGH profiles of the other cell fractions as follows: the log, ratios of the N probes 
under the ROI (within amplicon boundaries) are compared to log, ratios of all the 
other probes in the entire chromosome by Student’s t-test (one-tailed). The 
observed t-score is then compared to the distribution of t-scores obtained by 
equivalently testing all other sets of N neighbouring probes in the chromosome. 
The ROI is considered to be significantly gained if the observed t-score is seen or 
exceeded in less than 0.1% of all other chromosomal regions. 

Expression microarray studies of whole tumours. Gene expression profiling was 
performed for a subset of 16 tumours for which additional frozen material was 
available using exon expression arrays (Human Exon 1.0, Affymetrix). RNA was 
extracted, labelled and hybridized at Sloan Kettering Cancer Center's Genomics 
Core Facility according to the manufacturer’s instructions. Data was normalized in 
a cohort of 80 gliomas using Aroma.affymetrix (R package aroma.affymetrix). 
Expression was derived for RefSeq transcripts, and multiple transcripts for the 
same gene were distilled to a single gene expression value by median. 
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Transcriptomal class assignment was based on the nearest centroid of the four 
transcriptomal classes reported in ref. 13, using the subset of 840 signature genes 
described by this study (Supplementary Table 6; http://tcga-data.nci.nih.gov/docs/ 
publications/gbm_exp/). Distances to centroids were defined using Pearson cor- 
relation and class assignments made by the largest correlation value. If the largest 
correlation was <0.2, the sample was labelled ‘indeterminate’. Correlations and 
class assignments are given in Supplementary Table 6. 

Microscopic analysis. Sections were examined with confocal laser scanning 
microscopy (Leica Microsystems; Carl Zeiss MicroImaging). The data was ana- 
lysed with Velocity or LSM5 (Carl Zeiss MicroImaging) software. 

Tumour microvessel density (MVD) was assessed by quantification of the 

numbers of CD31* tumour vessels in pixels using MetaMorph (Molecular 
Devices) image analysis software using unbiased sampling. 
Gene expression analysis and quantitative real-time PCR for sorted cell popu- 
lations. Total RNA of four subpopulations from two specimens were hybridized 
with human U133-plus2 array at Sloan Kettering Cancer Center’s Genomics Core 
Facility and according to the manufacturer’s instructions. Reference databases, 
including one set of CD34* human haematopoietic progenitor cells (GSM476781) 
and two independent sets of human embryonic stem cell-derived endothelial 
progenitors (GSM492830 and GSM492828) were downloaded from Gene 
Expression Omnibus database. The array data are analysed by Partek software. 
The data from 11 samples were normalized by RMA algorithms and the tumour 
samples then assigned in four groups based on the expression of membrane 
markers CD133 and CD144. The gene list is created by ANOVA with unadjusted 
P value less than 0.05 and then used as input for unsupervised hierarchical cluster- 
ing by using Euclidian similarity metric. 

For RT-PCR, total RNA (100-300 ng) was reverse-transcribed using random- 
primer and superscript III (Invitrogen) according to the manufacturer’s instruc- 
tions. Quantitative real-time PCR was performed with an Applied Biosystems 
Prism 7900HT sequence Detection System using SYBR Green PCR Master Mix 
(Applied Biosystems). 

Primers: CD34 (F: TCTGATCTCCATGGCTTCCT; R: ACTGAGGCAACAG 
CTCAACC), CD144 (F: TCGTCATGGACCGAGGTT; R: TCTACAATCCCTT 
GCAGTGTGA), VEGFR2 (F: GCAGGGGACAGAGGGACTTG; R: GAGGCC 
ATCGCTGCACTCA), CD31 (F: TTCCTGACAGTGTCTTGAGTGG; R: GCT 
AGGCGTGGTTCTCATCT), CD133 (F: TCTGGGTCTACAAGGACTTTCC; 
R: GCCCGCCTGAGTCACTAC), ACTIN (F: GCCCGCCTGAGTCACTAC; R: 
GGAATCCTTCTGACCCATGC), VEGFRI (F: TCTCACATCGACAAACCA 
ATACA; R: GGTAGCAGTACAATTGAGGACAAGA), VEGF (F: CTACCTCC 
ACCATGCCAAGT; R: CCACTTCGTGATGATTCTGC). 

Human angiogenesis PCR arrays (SABiosciences) were used to examine the 
expression profiles of angiogenic genes in sorted cell populations. Heat Map 
construction and analysis of qPCR data was conducted according to ref. 31. 
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Structures of APC/C““™ with substrates identify 
Cdh1 and Apcl0 as the D-box co-receptor 


Paula C. A. da Fonseca'*, Eric H. Kong'*, Ziguo Zhang", Anne Schreiber’, Mark. A. Williams’, Edward P. Morris! & David Barford’ 


The ubiquitylation of cell-cycle regulatory proteins by the large 
multimeric anaphase-promoting complex (APC/C) controls sister 
chromatid segregation and the exit from mitosis’”. Selection of 
APC/C targets is achieved through recognition of destruction 
motifs, predominantly the destruction (D)-box* and KEN (Lys- 
Glu-Asn)-box*. Although this process is known to involve a co- 
activator protein (either Cdc20 or Cdhl) together with core 
APC/C subunits'”, the structural basis for substrate recognition 
and ubiquitylation is not understood. Here we investigate budding 
yeast APC/C using single-particle electron microscopy and deter- 
mine a cryo-electron microscopy map of APC/C in complex with 
the Cdh1 co-activator protein (APC/C“"") bound to a D-box pep- 
tide at ~10 A resolution. We find that a combined catalytic and 
substrate-recognition module is located within the central cavity of 
the APC/C assembled from Cdh1, Apcl0—a core APC/C subunit 
previously implicated in substrate recognition® ’—and the cullin 
domain of Apc2. Cdhl and Apcl0, identified from difference 
maps, create a co-receptor for the D-box following repositioning 
of Cdh1 towards Apc10. Using NMR spectroscopy we demonstrate 
specific D-box-Apcl0 interactions, consistent with a role for 
Apc10 in directly contributing towards D-box recognition by the 
APC/C“™" complex. Our results rationalize the contribution of 
both co-activator and core APC/C subunits to D-box recognition®” 
and provide a structural framework for understanding mechan- 
isms of substrate recognition and catalysis by the APC/C. 

The APC/C is a multimeric E3 ubiquitin ligase assembled from 13 
individual subunits'*. Many of the core proteins of the APC/C are 
comprised of multiple repeat motifs whose principle function is to 
provide a molecular scaffold, but whose exact biological role is not 
well understood. The best-characterized APC/C subunits are the cullin 
and RING proteins Apc2 and Apcl1, which are responsible for cata- 
lytic activity, and the tetratricopeptide repeat (TPR) subunit Apc3/ 
Cdc27, which interacts with a co-activator (either Cdc20 or Cdh1)'*” 
and the APC/C subunit Apcl0 (also known as Docl)'’. Both co- 
activator”'’'*"'7 and core APC/C subunits*°’ have been implicated 
in substrate recognition, but the structural basis for this process is 
unknown. To address this question, we used single-particle electron 
microscopy (EM) to determine structures of budding yeast APC/ 
C@"! and substrates. The resultant EM maps are of excellent quality 
and detail. The maps show the characteristic triangular shape of the 
APC/C'**! (Supplementary Fig. 1), but at higher resolution we visualize 
a lattice-like scaffold assembled from individual APC/C subunits defin- 
ing a central cavity. 

The APC/C co-activator Cdh1 was identified in negative-stain EM 
reconstructions as a prominent and discrete density feature present 
within the central cavity of APC/C“*"! and absent from APC/C 
(Fig. la, b). Its disc-shaped density, characteristic of an exposed 
WD40 B-propeller domain, is connected to the APC/C via an edge- 
on interface. Overall, with the exception of the Cdh1 density, APC/C 
and APC/C“"" are similar, and the large conformational changes that 


accompany co-activator binding to vertebrate APC/C’””’ are not evid- 
ent. An ellipsoid-shaped density feature, resembling the B sandwich of 
Apcl0 (refs 13, 22), situated adjacent to but not in contact with Cdh1, 
is more prominent in the presence of Cdh1 (Fig. la, b). Its close 
proximity to Cdh1 was intriguing in view of the role of Apcl0 in 
contributing towards substrate recognition’, and the D-box-depend- 
ent processivity of the ubiquitylation reaction®’. To unequivocally 
identify Apcl0 we generated APC/C*?*1° in complex with Cdh1 
(APC/CA“P¢10-C4h1)” The resultant APC/CP*1°-C4h!_ map showed 
complete loss of this ellipsoid density (Fig. 1c), confirming its identity 
as Apcl0. Deletion of Apcl0 also resulted in a depletion of Cdh1 
density around the circumference of the h-propeller most distant from 
its contact to APC/C (Fig. 1c). Because deletion of Apcl0 does not 
affect the APC/C subunit composition® or abrogate Cdh1 binding 
(Supplementary Fig. 2), the partial loss of Cdh1 density is indicative 
of an increased flexibility of the WD40 domain of Cdh1. This finding 
and the reduced density of Apcl0 in APC/C imply conformational 
interdependence of Apcl0 and Cdhl. 

To identify substrate-binding sites on APC/C“™", we used a frag- 
ment of Hsll, a D-box (RxxLxxI/VxN)* and KEN-box*-containing 
substrate with high affinity for APC/C“*"" (refs 14, 23). The ternary 
APC/C“"!#s!! complex was catalytically competent, as judged by its 
ability to ubiquitylate Hsll (Supplementary Fig. 3a). Engagement of 
Hsll with APC/C“"! is accompanied by a pronounced structural 
change involving Cdhl and Apcl0 (Fig. 1d). Specifically, the B- 
propeller domain of Cdh1 is bulkier, shifts ~7 A towards Apcl0, and 
new, well-defined density bridges Cdh1 to Apc10. Thus, Hsl1 promotes 
the formation of new connections between Cdh1 and Apcl0, a result 
consistent with direct co-activator-substrate interactions”'''*""” and a 
role for Apc10 in mediating optimal substrate binding’””’. 

To define the specific roles of the D- and KEN-boxes in contributing 
to these conformational changes, we determined structures of APC/ 
C“"" in complex with synthetic peptides containing either a D-box ora 
KEN-box. Similar to previous results with D-box peptides'**, an 18- 
residue D-box peptide modelled on cyclin B (Schizosaccharomyces 
pombe Cdc13) completely inhibited APC/C“" activity towards Clb2 
(a mitotic cyclin with D- and KEN-boxes) at 0.1 mM (Supplementary 
Fig. 4a). Figure le shows that D-box peptide generated similar struc- 
tural changes to Hsl1; specifically, the WD40 domain of Cdh1 is shifted 
and new density connects it with Apcl0 (Supplementary Movie 1). 
However, in contrast to the APC/COh LHI map, the extent of new 
density associated with Cdh1 is markedly reduced, indicating that the 
additional density in APC/C““"! #"' represents the larger Hsl1 sub- 
strate. Control experiments show that a mutant D-box peptide, which 
fails to bind APC/C“*" (Supplementary Fig. 4c), induces no con- 
formational changes (Supplementary Fig. 5). Binding of the KEN- 
box peptide to APC/C“*"! also promotes a repositioning of Cdh1 
towards Apcl0, but notably without the connecting density (Fig. 1f). 
This indicates that only D-box substrates promote a physical inter- 
connection between Cdh1 and Apcl0. 
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Figure 1 | Negative-stain EM reconstructions of budding yeast APC/C show 
that substrate binding to APC/C“™ involves Cdh1 and Apcl0. a-c, Mol- 
ecular envelopes of APC/C“"! (a), APC/C (b) and APC/CA4P510-B? (¢), 
Density assigned to Cdh1 and Apcl0 is shown in magenta and blue, 
respectively. The resolution of the APC/C©*"! binary complex is ~18-20 A 
(Supplementary Fig. 10d). d-f, Negative-stain EM reconstructions of APC/ 
To explore the structure of APC/C“"!-P* in more detail, we 
collected cryo-EM images of the complex and determined its structure 
at ~10 A resolution. The cryo-EM map reproduces the overall features 
of the APC/C“4"!-P->* map generated from negatively stained part- 
icles, but with greatly enhanced detail and resolution (Fig. 2 and 
Supplementary Figs 6 and 7). Similar to the APC/C*"!-P* ternary 
complex obtained from negative-stain EM, the cryo-EM reconstruc- 
tion shows density connecting Cdhl and Apcl0 (Figs 2 and 3). 
Docking the crystal structure of Apcl10 (refs 13, 22) and the modelled 


CCdh1 Bll complex (d), APC/CCABED box (e) and APC/CCAH-KEN- box 

(f). Lower panels in d, e and f show details of the structural changes associated 
with Cdh1 and Apcl0 in the presence of substrate compared with the 
superimposed binary APC/C““"! map represented in mesh. Hsl1 and D-box 
and KEN-box peptides were used at saturating concentrations to promote 
stoichiometric APC/C“*"'—substrate ternary complexes. 


Cdh1 WD40 domain into their respective densities indicates further 
unassigned density linking Cdh1 to Apcl0 (Fig. 3a, c). Notably, the 
best fit of Apcl0 into the cryo-EM map positions a highly conserved 
loop required for D-box recognition’ adjacent to the density linking 
Apcl0 with Cdh1. In contrast, residues on the opposite surface of 
Apcl0 that contribute to APC/C interactions’ are oriented towards 
Apce2 (Fig. 3c). 

These structural data revealing that Cdh1 and Apc10 become inter- 
connected by bridging density in the presence of D-box substrates 


Figure 2 | Cryo-EM reconstruction of budding yeast Loc reveals the lattice-like architecture of the complex. a—c, Three views of the complex 
with b similar to views shown in Fig. 1. Resolution is ~10 A (Supplementary Fig. 12c). 
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Figure 3 | Cdh1, Apcl0, Apc2 and Apcl1 form a substrate-recognition 
catalytic module. a, b, Two views of the cryo-EM APC/C“!-P-P®* complex. 
Protein density is represented by a mesh with fitted atomic coordinates of the 
Cdh1 -propeller (modelled), Apc10 (ref. 22), Ape2—Apcl1 (modelled on 
Cul4a-Rbx1 of SCF) and Cdc27 (ref. 26). Only the N-terminal B strand of 
Apcl1 bound to the Apc2 C-terminal domain is modelled (orange). The two 
subunits of Cdc27 are shown in light and dark green. The view in a shows the 
two-fold symmetry axis of Cdc27. Density connecting Cdh1 to a TPR 
superhelix of the Cdc27 dimer is indicated by an arrow. TPR motifs 8 to 10 of 
Cdc27, implicated in IR-tail recognition”’, are shown in lighter colours. In b, the 
final residue of Apc10 observed in the crystal structure (Ser 256), 25 residues 


rationalizes biochemical studies demonstrating that both co-activator 
and core APC/C subunits*”"''*”, specifically Apcl0 (refs 5-7, 23), 
contribute to D-box-dependent recognition and processive ubiquity- 

lation. The unassigned density bridging Apc10 and Cdh1 in the APC/ 
CCahI-P-Pex complex can be modelled as a D-box peptide, indicating 
that the binding site for the D-box is shared between the WD40 
domain of Cdh1 and the B sandwich of Apcl0. Cdh1 and Apcl0 
therefore generate a D-box co-receptor (Supplementary Fig. 8). 
Although biochemical data show that the D-box interacts with the 
conserved surface of the WD40 domain of the co-activator!'", direct 
interactions between D-box and Apc10 alone have not been previously 
demonstrated (unpublished data and ref. 7), possibly owing to the 
weak affinity of isolated Apcl0 for D-box. 

We used 'H-'°N-heteronuclear single quantum coherence (HSQC) 
NMR, a technique suitable for detecting weak protein-ligand interac- 
tions, to investigate potential Apcl0-D-box interactions. The 'H-'*N- 
HSQC NMR spectrum of Saccharomyces cerevisiae Apc10, shown in 
Fig. 4, has a substantial number of well-dispersed peaks consistent with 
the Apcl0 B-sandwich architecture. However, the number of visible 
peaks is approximately half that expected for a 221-residue protein, 
and the visible peaks have a wide range of intensities. Reduced peak 
number and intensity variation are characteristic of proteins under- 
going exchange between different conformational or oligomeric states. 
Spectra recorded with a twofold difference in protein concentration 
showed no change in position or shape of any dispersed peak, indi- 
cating that there is no sensitivity to any possible oligomerization equi- 
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N-terminal to the IR motif, is indicated by red spheres. c, Details of the Cdh1 
and Apcl10 co-receptor for D-box. Both Cdh1 and Apc10 connect to Apc2. The 
N terminus of Cdh1, including the C box linking the WD40 domain to Apc2, is 
not modelled. The first red arrow (i) denotes the conserved loop (residues 
His 239 to Asp 244) of Apc10 implicated in D-box recognition’, and the second 
red arrow (ii) denotes the Lys 162 and Arg 163 of Apc10 responsible for APC/C 
affinity’. Two models for a possible fit of D-box to the density interconnecting 
Cdh1 and Apc10 are shown in Supplementary Fig. 8. d, Schematic of combined 
catalytic and substrate-recognition module responsible for D-box binding and 
substrate ubiquitylation. D-box is represented as binding to an interface 
between Cdh1 and Apcl0. 


librium. Consequently, the features of the 'H-'"N-HSQC spectrum are 
best explained as a result of Apc10 adopting multiple conformations in 
intermediate to slow exchange (submillisecond to second timescales) 
in solution. Addition of a stoichiometric excess (~40-fold) of the 
D-box peptide used to generate the APC/ cers ternary complex 
resulted in more than 20 changes in amide peak position or relative 
intensity (Fig. 4). NMR-based measurement of the translational dif- 
fusion coefficient showed that the NMR-observed species is an Apcl0 
monomer of ~26 kDa. Thus, the changes in specific peaks on addition 
of peptide demonstrate that the D-box peptide interacts with mono- 
meric Apcl0, altering the chemical environment and/or the confor- 
mational equilibrium of a subset of its residues. However, the low 
intensity and proportion of visible amide peaks made sequential 
assignment and full characterization of the D-box binding site on 
Apcl0 impracticable. 

To establish whether the peptide-induced changes of the Apcl0 
NMR spectrum are specifically D-box dependent, we performed a 
series of control experiments. First, a different D-box peptide (a 19- 
residue peptide modelled on S. cerevisiae Clb2 whose sequence identity 
with Cdc13 is confined to the D-box) produced very similar NMR 
spectral changes to the Cdcl3 D-box (Fig. 4). Second, a mutant 
D-box Cdc13 peptide resulted in only minor changes in the Apcl0 
NMR spectrum, consistent with greatly reduced binding. Finally, the 
Hsl1 KEN-box peptide that, from the APC/CO""! KEN P* EM analysis, 
does not bridge Cdh1 and Apc10, resulted in an essentially identical 
spectrum to that of the apoprotein, with none of the changes seen for 
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Figure 4| 'H-'°N HSQC spectra of Apcl0. a-c, Overlaid are spectra of the 
apoprotein and protein in the presence of stoichiometric excess of each of four 
peptides. The complete amide region (a) and, for clarity, expanded views of two 
boxed sub-regions (b, c) are shown. Spectra in the presence of either of the two 
D-box-containing peptides show common changes with respect to the 
apoprotein spectrum, namely absence of the peaks seen in the apoprotein 
(black arrows) and new or shifted peaks not seen in the apospectrum (blue 
arrows). In contrast, spectra in the presence of either the Cdc13-derived peptide 
in which four residues of the D-box motif are mutated to alanine or a peptide 
containing a KEN-box motif are very similar to the apospectrum, retaining all 
of the peaks marked by black arrows. The spectrum with the mutant Cdc13 
peptide does in some cases show low-intensity peaks at the positions indicated 
by blue arrows (see expanded views in b and c), indicating a very weak residual 
interaction. These spectra are consistent with a D-box-dependent interaction 
with Apcl0. Peaks arising from natural abundance '°N amides in the unbound 
peptide that are protected from solvent exchange are indicated by an asterisk. 


the two D-box-containing peptides. These NMR data therefore pro- 
vide strong evidence for a direct interaction between Apc10 and D box, 
supporting the notion that Apcl0 participates in D-box recognition. 

To gain further insight into the mechanisms of substrate recognition 
and ubiquitylation, we modelled atomic structures of Apc2 and Cdc27 
into the molecular envelope of the APC/C“4"!-P°™ map. We fitted a 
homology model of Apc2, based on Cul4a-Rbx1, allowing for small 
adjustments of the carboxy-terminal domain relative to the cullin 
repeats (Fig. 3 and Supplementary Figs 7 and 9). Continuous density 
attaches the globular C-terminal domain to that of the cullin repeats, 
which are seen as a long stalk-like density that transverses one side of 
the complex (Fig. 3 and Supplementary Fig. 7). The APC/C“*"!- PP 
cryo-map reveals that Cdh1 and Apc10 are both connected to the Apc2 
C-terminal domain (Fig. 3c and Supplementary Fig. 7). Notably, the 
interaction of the C-terminal domain of Apc2 with substrate adaptor 
subunits contrasts with the Skpl-cullin-F-box (SCF) complex in 
which the amino-terminal cullin repeat of Cull interacts with sub- 
strate adaptors”. 

Cdc27 is a dimer and we docked its N-terminal dimerization 
domain” into the globular structure at the head of the TPR sub- 
complex, and independently positioned the modelled C-terminal 
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TPR superhelices of the Cdc27 subunits into the curved tubular densi- 
ties extending from the globular domain (Fig. 3a, b and Supplementary 
Fig. 7), consistent with the mapping of Cdc27 (unpublished data). 
Although not imposed in the fitting, these docked TPR superhelices 
are related by the same dyad symmetry as the Cdc27 dimerization 
domain, therefore preserving the overall two-fold symmetry of 
Cdc27 (Fig. 3a). The organization of Apc2 and Cdc27 in close proxi- 
mity to Cdhl and Apcl0 visualized in our APC/C“"!-P™ structure 
unifies previous models of APC/C subunit topologies'*!**”? (Fig. 3d). 
Cdh1 is known to interact through its C-terminal Ile-Arg (IR) tail with 
Cdc27"°’, and in S. cerevisiae, Cdh1 also requires Apc2 for optimal 
binding’’. The structures fitted to the EM map show that with the C 
terminus of Cdhl in contact with Cdc27, its N-terminal C box is 
positioned to contact Apc2 (Fig. 3 and Supplementary Fig. 7)'?””. 
Pull-down experiments on recombinant human proteins have shown 
that Apcl0 interacts with Cdc27 through its C-terminal region, which 
also contains an IR motif"’, whereas in S. cerevisiae, Apcl0 associates 
preferentially with a sub-complex of Apcl, Apc2 and Apcl1 (ref. 12). 
Our EM data position Apcl0 close to the second Cdc27 subunit. 
Consequently, the human and yeast biochemical data are explained 
by the extensive interface between Apcl0 and Apc2, and the flexible 
C-terminal IR tail of Apc10 binding to the Cdc27 TPR superhelix. 

This study identifies Cdh1 and Apcl0 as a co-receptor for D-box. 
Individually, co-activator and APC/C possess low affinity and specificity 
for substrate’ and therefore cooperatively enhance substrate affinity 
through multivalency. Definition of the subunit organization and 
generation of a pseudo-atomic structure of the APC/C (unpublished 
data), together with characterization of the D-box co-receptor presented 
here, provide the conceptual framework for a mechanistic understand- 
ing of the APC/C. 


METHODS SUMMARY 

Generation of APC/C and complexes with Cdh1 and substrates. APC/C and 
APC/C™P<!° were isolated from S. cerevisiae and ubiquitylation assays were per- 
formed essentially as described’. S. cerevisiae Hiss-Cdhl was expressed in 
Spodoptera frugiperda (Sf9) cells and purified using nickel-nitrilotriacetic acid 
(Ni-NTA). APC/C“*"! was prepared by loading excess Cdh1 onto APC/C immo- 
bilized on calmodulin resin, and eluted as for APC/C. APC/Co""!_substrate com- 
plexes were generated as described in Methods. 

EM and image analysis. Purified APC/C (~0.2 mg ml’) from peak elution frac- 
tions was applied to Quantifoil 1.2- or 2--m aperture grids coated with continuous 
thin carbon and either negatively stained for EM at room temperature (20 °C) or 
flash frozen using a Vitrobot for cryo-EM. Images were recorded in an FEI TF20 
electron microscope under low-dose conditions using a Tietz F415 CCD camera. 
Three-dimensional maps were calculated from molecular images using programs 
from Imagic’’, Spider** and EMAN”. 

NMR analysis. 'H-'°N HSQC spectra were recorded at 25 °C over 5.5 or 11h for 
samples of Apcl0 alone and in the presence of the four peptide samples using a 
(H,'°N,'°C) triple resonance cryoprobe on a 700 MHz Bruker Avance III spectro- 
meter. Spectra were processed identically and displayed to compensate for con- 
centration and/or recording time differences. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Generation of APC/C and complexes with Cdh1 and substrates. APC/C 
and APC/C™P¢!° were isolated from S. cerevisiae and ubiquitylation assays were 
performed as described®**° except that the calmodulin resin elution buffer was 
25mM HEPES (pH 8.0), 150mM NaCl, 1mM MgCl, 2mM EGTA, 3mM 
tris(2-carboxyethyl)phosphine (TCEP), and 0.03% (v/v) n-dodecyl-B-p-maltoside 
(DDM). Peak elution fractions were used for EM analysis. S. cerevisiae Hiss—Cdh1 
was expressed in Sf9 cells and purified using Ni-NTA. APC/C“" was prepared by 
loading excess Cdh1 onto APC/C immobilized on calmodulin resin, thereby ensu- 
ing formation of a stoichiometric APC/Ccos! complex, and eluted as for APC/C. 
Association of Cdh1 to APC/C was confirmed by SDS-PAGE and western blotting 
analyses (Supplementary Fig. 2), and by E3 ligase assays showing that APC/CS"! 
ubiquitylated Hsl1 and Clb2 (Supplementary Figs 3 and 4). Hsl1°°’-*” was 
expressed in BL21(DE3) RIL cells and purified by Ni-NTA and gel-filtration chro- 
matography and added to APC/C“"" to a final concentration of 1.5 uM for EM 
data collection, greatly in excess of the APC/C“"! concentration (Supplementary 
Fig. 3a). Previous work had shown that Hsl1 forms a stable 1:1 complex with APC/ 
Cc"! at ~0.05 EM (ref. 23). APC/C“"-HS!! was completely inhibited towards 
Clb2 (Supplementary Fig. 3b). D-box peptide inhibited APC/C“"' ubiquitylation 
of Clb2 at 0.1 mM (Supplementary Fig. 4a), similar to previous findings'’**. APC/ 
COPED POX and APC/CWP-AP-POX were prepared by adding peptide to APC/C“" 
toa final concentration of 0.3 mM. KEN-box peptide inhibited APC/C“™" ubiqui- 
tylation of Clb2 at 1 mM (Supplementary Fig. 4b) and was therefore used at 10 mM 
for the APC/C"KENPe* structure. Peptides used in the EM structural analysis 
and ubiquitylation assays were as follows. D-box, NVPKKRHALDDVSNFHNK; 
AD-box, NVPKKAHAADDVSAFHNK; KEN-box, GVSTNKENEGPEYPTKIK 
KEHQK (D-box, mutant D-box and KEN-box underlined). D-box and KEN-box 
peptides were modelled on S. pombe Cdc13 and S. cerevisiae Hsl1, respectively. 
Stock solutions were dissolved at 10-20 mM in 100 mM Tris HCl (pH 8.0). For 
competitions assays, peptides were used at the final stated concentrations. 

EM of negative-stained samples. Purified APC/C and its Cdh1 and substrate 
complexes at ~0.2 mg ml ' were applied to Quantifoil 2/2 EM grids coated with a 
second layer of thin carbon. The grids were negatively stained with 2% (w/v) 
uranyl acetate. The samples were imaged at room temperature (20 °C) in an FEI 
Tecnai TF20 electron microscope at an accelerating voltage of 200 kV, in low-dose 
mode with an exposure of ~100e” A”, a nominal magnification of X 50,000 and 
an underfocus of ~1.2 1m, giving rise to a first minimum in the contrast transfer 
function at ~17A. Images were recorded using a Tietz F415 (4k X 4k) CCD 
camera and adjacent boxes of 2 X 2 pixels were averaged, resulting in a calibrated 
sampling of 3.47 A pixel’. The images recorded for all negatively stained samples 
were consistent with that of APC/C°*"' shown in Supplementary Fig. 10a, includ- 
ing those of samples of APC/C**P°-C"! (Supplementary Fig. 11). 

Cryo-EM. Samples of purified APC/C“*"--P™* were applied to Quantifoil 1.2/1.3 
EM grids coated with a second layer of thin carbon, blotted and plunged into liquid 
ethane using an FEI Vitrobot. The grids were transferred into a Tecnai TF20 and 
maintained at approximately —178°C using a Gatan 626 cryo-holder. Images 
were recorded in a similar way to that described for negatively stained samples, 
except that focal pairs were recorded at an underfocus of ~2.5 um and ~4um, 
using an electron dose of ~20e A ” (for each exposure) and a nominal mag- 
nification of X 63,000, resulting in a sampling of 2.82 A pixel” The first recorded 
CCD images of each focal pair (closer to focus) were carefully screened and only 
those with a power spectrum showing Thon rings extending isotropically beyond 
10A were selected for further analysis. 

Image analysis of negatively stained samples. Image processing was performed 
using Imagic’’, Spider** and EMAN” programs. Image processing was initiated 
with the analysis of the APC/C“*! complex. Molecular images were manually 
selected (Supplementary Fig. 10a) using the EMAN boxer software in order to 
assemble a data set ultimately formed of 12,529 images. A preliminary evaluation 
of the resulting data set was carried out by calculating reference-free image-class 
averages using the refine2d routine from EMAN. Three classes, which were judged 
to be approximately mutually orthogonal, were selected from the preliminary set 
for angular assignment using the Imagic C1 start-up procedure. These were used 
to assign angles, by angular reconstitution, to a further selection of 112 classes, 
which were subsequently back-projected in order to create an ab initio three- 
dimensional map. This map was used as the first reference for refinement using 
a combination of Imagic and Spider software. The refinement consisted of mul- 
tiple rounds of multi-reference alignment, classification, angular assignment (to 
selected image-class averages) by projection matching and three-dimensional 
reconstruction by back-projection. In the last round of refinement a total of 
4,000 class averages were calculated, of which 1,433 were selected to calculate 
the final three-dimensional map. Examples of class averages used in the recon- 
struction and their respective reprojections are shown in Supplementary Fig. 10b. 
The angular distribution of the classes used in the final reconstruction is shown in 


Supplementary Fig. 10c. The resolution of the final map of APC/C°*"! was 
estimated by Fourier shell correlation as 18-20 A, depending on the resolution 
criteria (Supplementary Fig. 10d). Negatively stained APG/G*PSo°-Si} appear 
indistinguishable from APC/C“"' (Supplementary Fig. 11). 

The final map calculated for APC/C“*™ was used as a starting reference for the 
analysis of all other negatively stained APC/C complexes, followed by the same 
refinement procedures. The total number of molecular images used in the image 
analysis of each sample is summarized in Supplementary Table 1. Representations 
of the maps were generated using PyMOL (http://www.pymol.org). 

Image analysis of data from cryo-EM. The contrast transfer function (CTF) was 
measured for each CCD image selected for analysis and corrected by phase 
reversal. A data set of 9,474 molecular images of the APC/CCE LP bes complex 
was assembled manually using the EMAN boxer software, from the first recorded 
CCD image of each focal pair (closer to focus, Supplementary Fig. 12a), using the 
higher contrast second image as an aid for the selection. The subsequent analysis 
was performed using Imagic and Spider software. The map of the APC/CC2"-Pbox 
complex determined by the analysis of negatively stained samples was used as a 
starting reference for the analysis. The molecular images were aligned and their 
angular assignment performed by projection matching against the initial reference 
map. A first three-dimensional reconstruction was calculated by back-projection 
and this was further refined by multiple rounds of alignment, angular assignment 
by projection matching and back-projection. The angular distribution of the 
images for the calculation of the final map is shown in Supplementary Fig. 12b. 
The resolution of the final map, estimated by Fourier shell correlation, is 9-10 A, 
depending on the resolution criteria (Supplementary Fig. 12c). For the representa- 
tion of the final reconstruction a reverse B factor of —300 was applied, in order to 
optimize the agreement between the resulting reconstruction and the fitted coor- 
dinates, followed by a Fourier low-pass filtration to 9.5 A. PYMOL (http://www. 
pymol.org) was used to generate the representations of the map. 

Fitting atomic coordinates to cryo-EM map of APC/C“™-P°™, Apcl0 is 
based on S. cerevisiae Apcl10/Docl (PDB code 1GQP)”, the N-terminal dimeriza- 
tion domain of Cdc27 is based on E. cuniculi Cdc27 (PDB code 3KAE)*° and the 
C-terminal TPR superhelix is based on the model in ref. 26 (overall sequence 
identity of 16%). S. cerevisiae Cdh1 and Apc2 were modelled using the PHYRE 
server®' based on coordinates (PDB codes 2GNQ (WDRS5)* and 2HYE (Cul4a— 
Rbx1)*’, respectively, with overall sequence identities of 17% and 11%). 

Atomic coordinates of Apcl0 (PDB code 1GQP) and the N-terminal homo- 
dimerization domain of Cdc27 (PDB code 3KAE) and the molecular models of 
Cdh1, Apc2 (cullin domain and cullin repeats independently) and two copies of the 
model of the C-terminal TPR repeats of Cdc27 were docked into the cryo-EM map 
of the APC/C““*!-P>* complex using URO software™ (correlation coefficient of 
0.82). The fitted coordinates were converted to densities, Fourier low-pass filtered to 
9.5 A and rendered to yield a volume corresponding to their calculated molecular 
mass of 243 kDa, assuming a protein density of 0.844 Da A °. The filtered coordi- 
nates were used to guide the rendering of the APC/C“*"?-P™ map, resulting in a 
volume corresponding to ~1.13 MDa. Furthermore, the comparison of the level of 
detail shown by the docked coordinates and that in our three-dimensional map of 
APC/C“"-P-Px, determined from cryo-EM data, is supportive of a resolution 
estimate of ~10 A (Supplementary Fig. 7). 

The protocol by which the ab initio APC/ eo map was calculated, which was 
the initial reference for the analysis of all complexes presented here, results in 
three-dimensional maps with ambiguity with respect to their hand. However, the 
hand of the APC/C complex as presented here has been previously determined by 
random conical tilt methods’””’. In the present work the hand shown is supported 
by the agreement between the docked coordinates and their respective densities. 
NMRanalysis. Uniformly '°N-labelled Apc10 was purified from E. coli grown ina 
defined minimal medium supplemented with '°N-ammonium sulphate using 
constructs and protocols previously described”*. Peptides (Supplementary Table 2) 
were dissolved in 100 mM Tris/MOPS to the lower limit of either their maximum 
solubility or a 100 mM concentration, and their pH was adjusted to ~8 with NaOH. 
Peptide was added to protein stock to a final concentration of 5 mM. Protein solu- 
bility and propensity to aggregation determined the optimal solution conditions for 
NMR data collection. All NMR samples were in 90% H,0:10% D,O, 77-85 mM 
NaCl, 4.5mM DTT, 90 mM Tris/MOPS buffer pH 8.0. For the spectra shown, with 
the exception of the Clb2 sample, final protein concentration was 130-160 1M. 
Addition of the Clb2 D-box-containing peptide caused substantial precipitation of 
the protein (also seen to a lesser degree with the Cdc13 D-box peptide), leading to a 
final protein concentration in this sample of 64 |.M. The pH of final protein-peptide 
mixtures was confirmed by NMR chemical shift of Tris methylene peaks* to be 
8.0 + 0.1. The Hsll KEN-box peptide used for NMR studies inhibited APC/C“""- 
catalysed ubiquitylation of Clb2 at a concentration of 2mM (data not shown). 

'H-1°N HSQC spectra of 1,024 X 128 complex points were recorded for each 
sample using a ('H,'°N,'°C) triple resonance cryoprobe on a 700 MHz Bruker 
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Avance III spectrometer with identical spectral widths. Data were recorded at 
25 °C for 5.5 or 11h. The same spectral processing was applied to each spectrum 
(Gaussian apodization in 'H and sine-bell apodization in '°N dimensions and zero 
filling to 2,048 X 512 points before Fourier transformation and polynomial base- 
line correction) using NMRPipe’®. Spectra were overlaid in CCPNmr Analysis” 
and contour levels matched for concentration and recording time differences 
using the intense peaks common to all five spectra. 

The field-gradient dependence of the signal intensity of the central region of the 
N-edited spectrum (containing the strongest signals) of the APC10 with the 
Cdc13 D-box peptide was used to measure the extent of translational diffusion 
during a fixed time interval**. The data fit a model corresponding toa single species 
of molecular mass ~26 kDa, that is, that of the monomer, with no indication of a 
significant NMR-observable population of dimer or higher-order oligomers. 
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Melanomas acquire resistance to B-RAF(V600E) 
inhibition by RTK or N-RAS upregulation 


Ramin Nazarian’*, Hubing Shi'**, Qi Wang’, Xiangju Kong’, Richard C. Koya’, Hane Lee”, Zugen Chen?"*, Mi-Kyung Lee”, 
Narsis Attar”°, Hooman Sazegar™, Thinle Chodon””, Stanley F. Nelson?**, Grant McArthur’, J effrey A. Sosman®, 


Antoni Ribas**> & Roger S. Lob? 


Activating B-RAF(V600E) (also known as BRAF) kinase mutations 
occur in ~7% of human malignancies and ~60% of melanomas’. 
Early clinical experience with a novel class I RAF-selective inhibitor, 
PLX4032, demonstrated an unprecedented 80% anti-tumour res- 
ponse rate among patients with B-RAF(V600E)-positive melano- 
mas, but acquired drug resistance frequently develops after initial 
responses’. Hypotheses for mechanisms of acquired resistance to 
B-RAF inhibition include secondary mutations in B-RAF(V600E), 
MAPK reactivation, and activation of alternative survival path- 
ways” °. Here we show that acquired resistance to PLX4032 develops 
by mutually exclusive PDGFR6 (also known as PDGFRB) upregula- 
tion or N-RAS (also known as NRAS) mutations but not through 
secondary mutations in B-RAF(V600E). We used PLX4032-resistant 
sub-lines artificially derived from B-RAF(V600E)-positive mela- 
noma cell lines and validated key findings in PLX4032-resistant 
tumours and tumour-matched, short-term cultures from clinical 
trial patients. Induction of PDGFRB RNA, protein and tyrosine 
phosphorylation emerged as a dominant feature of acquired 
PLX4032 resistance in a subset of melanoma sub-lines, patient- 
derived biopsies and short-term cultures. PDGFRf-upregulated 
tumour cells have low activated RAS levels and, when treated with 
PLX4032, do not reactivate the MAPK pathway significantly. In 
another subset, high levels of activated N-RAS resulting from muta- 
tions lead to significant MAPK pathway reactivation upon PLX4032 
treatment. Knockdown of PDGFR/or N-RAS reduced growth of the 
respective PLX4032-resistant subsets. Overexpression of PDGFR6 or 
N-RAS(Q61K) conferred PLX4032 resistance to PLX4032-sensitive 
parental cell lines. Importantly, MAPK reactivation predicts MEK 
inhibitor sensitivity. Thus, melanomas escape B-RAF(V600E) tar- 
geting not through secondary B-RAF(V600E) mutations but via 
receptor tyrosine kinase (RTK)-mediated activation of alternative 
survival pathway(s) or activated RAS-mediated reactivation of the 
MAPK pathway, suggesting additional therapeutic strategies. 

We selected three B-RAF(V600E)-positive parental (P) cell lines, 
M229, M238 and M249, exquisitely sensitive to PLX4032-mediated 
growth inhibition in vitro and in vivo®, and derived PLX4032-resistant 
(R) sub-lines by chronic PLX4032 exposure. In cell survival assays, 
M229 R, M238 R and M249 R sub-lines displayed strong resistance 
to PLX4032 (GlIso, the concentration of drug that inhibits growth of 
cells by 50%, not reached up to 10 1M) and paradoxically enhanced 
growth at low PLX4032 concentrations, in contrast to parental cells 
(Supplementary Fig. 1a). Morphologically, both M229 R and M238 R 
sub-lines appear flatter and more fibroblast-like compared to their 
parental counterparts, but this morphologic switch was not seen in 
the M249 P versus M249 R4 pair (Supplementary Fig. 2a). 


There were no secondary mutations in the drug target B-RAF (V600E) 
observed on bi-directional Sanger sequencing of all 18 B-RAF exons in 
15 M229 R (R1-R15), two M238 R (RI and R2), and one M249 R (R4) 
acquired resistant sub-lines (Supplementary Table 1 and Supplemen- 
tary Fig. 3a, left column). Based on Sanger sequencing, this lack of 
secondary B-RAF (V600E) mutation along with retention of the ori- 
ginal B-RAF(V600E) mutation was confirmed in 16/16 melanoma 
tumour biopsies (from 12 patients) with clinically acquired resistance 
to PLX4032 (that is, initial >30% tumour size decrease or partial 
response, as defined by RECIST (response evaluation criteria in solid 
tumours) and subsequent progression on PLX4032 dosing; see exam- 
ples in Supplementary Fig. 4) and 5/5 short-term melanoma cultures 
established from 5 resistant tumours obtained from 4 patients 
(Supplementary Table 2). Given recent reports of B-RAF-selective 
inhibitors having a growth-promoting effect on B-RAF wild-type 
tumour cells’”’, retention of the original B-RAF alleles in PLX4032- 
resistant sub-lines, tissues and cultures indicates that PLX4032 chronic 
treatment did not select for the outgrowth of a pre-existing, minor 
B-RAF wild-type sub-population. Furthermore, immunoprecipitated 
B-RAF kinase activities from resistant sub-lines and short-term cul- 
tures were similarly sensitive to PLX4032 as B-RAF kinase activities 
immunoprecipitated from parental cell lines (Supplementary Fig. 3b; 
Pt48 R and Pt55 R resistance to PLX4032 (ref. 10) and the pre-clinical 
analogue PLX4720 (ref. 11) shown in Supplementary Fig. 5a and b, 
respectively; Pt, patient). These results demonstrate that, in all tested 
acquired resistant cell lines and cultures, the mutated B-RAF(V600E) 
kinase lacks secondary mutations and hence retains its ability to 
respond to PLX4032. 

Given that minority PLX4032-resistant sub-populations in tissues 
may acquire B-RAF(V600E) secondary mutations not detectable by 
Sanger sequencing, we analysed “ultra-deep” (Supplementary Fig. 6) 
and deep (Supplementary Fig. 7) sequences of B-RAF (exons 2-18) 
using the Illumina platform for 9/11 acquired resistant tumour samples 
without tumour-matched short-term cultures (one sample, Pt111-010 
DP2, intentionally analysed by both methods; DP, disease progression). 
Ultradeep B-RAF sequencing of five PLX4032-resistant melanoma 
tissues resulted in every base of exons 2-18 being sequenced at a median 
coverage of 127X (27-128) (Supplementary Fig. 6a and b). The 
known variant, V600E, was detected in all five samples with signifi- 
cantly high non-reference allele frequencies (NAF) (Supplementary 
Fig. 6c). In all five tissues, exon 13, where the T529 gatekeeper residue” 
is located, was independently amplified and uniquely bar-coded twice. 
Rare variants (none at the T529 codon; Supplementary Fig. 6d) 
detected in these independent exon 13 analyses do not overlap and 
helped define the true, signal NAF at >4.81% (Supplementary 
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Methods). Furthermore, deep B-RAF (exons 2-18) sequence analysis of 
PLX4032-resistant melanoma tissues from a whole exome sequencing 
project resulted in 2,396 base pairs of B-RAF coding regions having 
coverage = 10X (average coverage per exon in each tissue shown in 
Supplementary Fig. 7a). After filtering, no position harboured a variant 
with a NAF >4.81%, except for the known V600E mutation in all five 
resistant samples. Together, these data strongly corroborate the lack of 
B-RAF(V600E) secondary mutations during the evolution of PLX4032 
acquired resistance in the majority of patients and their tumours. 

To begin to understand PLX4032-resistance in vitro, we used phospho- 
specific antibodies to probe the activation status of the RAF downstream 
effectors, MEK1/2 and ERK1/2 (also know as MAP2K1/2 and MAPK3/ 
1, respectively), in parental versus resistant sub-lines, with and without 
PLX4032 (Fig. la). As expected, PLX4032 induced dose-dependent 
decreases in p-MEK1/2 and p-ERK1/2 in all parental cells. However, 
the pattern of MEK-ERK sensitivity to PLX4032 varied among resistant 
sub-lines, suggesting distinct mechanisms. In contrast to M249 R4, 
which showed strong resistance to PLX4032-induced MEK/ERK inhibi- 
tion (suggesting MAPK reactivation), M229 R5 and M238 R1 were both 
similarly sensitive to PLX4032-induced decreases in the levels of 
p-MEK1/2 and p-ERK1/2. Gene expression profiling (Fig. 1b) further 
supported distinct PLX4032 acquired resistant mechanisms represented 
by M229 R5/M238 R1 versus M249 R4. We first used the gene expres- 
sion alterations responsive to PLX4032 in parental cells to define a 
B-RAF(V600E)-responsive gene signature, which is similar to gene sets 
defined by a MEK1 inhibitor (PD325901)”* and by PLX4720 (ref. 14; 
Supplementary Fig. 8). Concordant with the western blot results (Fig. la), 
M249 R4 demonstrated striking resistance to PLX4032 treatment with 
a gene signature of persistent MEK-ERK activation, whereas both 
M229 R5 and M238 RI retained a PLX4032-sensitive gene signature 
(Fig. 1b). These data confirm that M229 R5 and M238 R1 share key 
characteristics of resistance, which are in line with unsupervised clus- 
tering of these two resistant sub-lines in genome-wide, differential 
expression patterns (Supplementary Fig. 9). 
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Gene set enrichment analysis demonstrated an enrichment of RTK- 
controlled signalling in M229 R5 and M238 R1 but exclusive of M249 R4 
(Supplementary Table 3). Unsupervised clustering of the receptor 
tyrosine kinome gene expression profiles showed that M229 R5 and 
M238 RI clustered away from M229 and M238 parental cell lines largely 
based on higher expression levels of KIT, MET, EGFR and PDGFRf 
(Supplementary Fig. 10a, yellow highlight). RNA upregulation of these 
four RTKs was consistently not associated with genomic DNA (gDNA) 
copy number gain (Supplementary Fig. 10b). Of these four candidate 
RTKs, EGFR and PDGFR§ protein levels were overexpressed (Fig. 2a, 
left; Fig. 3b; Supplementary Fig. 10c), but only PDGFR® displayed ele- 
vated activation-associated tyrosine phosphorylation in a phospho-RTK 
array (Fig. 2a, right). PDGFRB RNA upregulation was a common feature 
among additional M229 R and M238 R sub-lines (Supplementary Fig. 
11a) but could not be observed in any of ten randomly selected parental 
melanoma cell lines (Supplementary Fig. 11b). Interestingly, tyrosine 
phosphorylation of PDGFR correlated with an upregulation of a gene 
signature unique to PDGFR® (ref. 15; Supplementary Fig. 12) but is not 
due to mutational activation, as PDGFRB cDNAs derived from M229 
R5, M238 RI and Pt48 R are wild type (Supplementary Table 1). 

We then validated our in vitro finding in vivo by studying clinical 
trial patient-derived samples (Supplementary Table 2; Fig. 2b) and 
tumour-matched short-term cultures (Fig. 2c and d). In 4/11 available, 
paired biopsy specimens, the resistant tumours showed a tumour- 
associated overexpression of PDGFRB compared to the baseline 
tumour in the same patients (Fig. 2b; Supplementary Table 2 and 
Supplementary Fig. 13). PDGFRB-positive areas of tissue sections were 
consistently strongly positive for S100 or MART1 (melanoma markers; 
MART1 is also known as MLANA ) but lacked CD31 (an endothelial, 
platelet, macrophage marker, also known as PECAM1 ) staining (data 
not shown). We were able to validate this finding further in an available 
short-term culture (Pt48 R) derived from a PLX4032-resistant, 
PDGFR6-positive tumour. Pt48 R was established from an intracardiac 
mass progressing 6 months after initiating treatment with PLX4032. 


Figure 1 | In vitro models of PLX4032 acquired 
resistance display differential MAPK 
reactivation. a, Parental and PLX4032-resistant 
sub-lines were treated with increasing PLX4032 
concentration (0, 0.01, 0.1, 1 and 10 11M), and the 
effects on MAPK signalling were determined by 
immunoblotting for p-MEK1/2 and p-ERK1/2 
levels. Total MEK1/2, ERK1/2 and tubulin levels, 
loading controls. b, Heat map for B-RAF(V600E) 
signature genes in each of the cell lines treated with 
DMSO or PLX4032. Colour scale, log,- 
transformed expression (red, high; green, low) for 
each gene (row) normalized by the mean of all 
samples. Blue box showing M249 R4 MAPK 
reactivation. Yellow box showing diminished, 
baseline expression of B-RAF(V600E) signature 
genes in M229 and M238 resistant sub-lines 
(FDR < 0.05). The probeset number is shown after 
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Figure 2 | PDGFRf upregulation is strongly 
correlated with PLX4032 acquired resistance. 

a, Left, total levels of PDGFRB and EGFR. A431, an 
EGFR-amplified cell line. Tubulin levels, loading 
control. Right, whole-cell extracts were incubated 
on the RTK antibody arrays, and phosphorylation 
status was determined by subsequent incubation 
with anti-phosphotyrosine horseradish peroxidase 
(each RTK spotted in duplicate, positive controls in 
corners, gene identity below). b, Anti-PDGFRB 
immunohistochemistry of formalin-fixed, 
paraffin-embedded tissues. Prostate, negative 
control; placenta, positive control. Black bar, 

50 um. ¢, Relative RNA levels of PDGFRf in M229 
P/R5 and Pt48 R as determined by real-time, 
quantitative PCR (average of duplicates). d, Total 
PDGER§ (left) and p-RTK (right) levels in Pt48 R 
versus M229 R5. 
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The Pt48 R short-term culture demonstrated clear overexpression of 
PDGERP RNA (Fig. 2c), protein and p-Tyr levels (Fig. 2d). 

In M249 R4, we sequenced all exons of N-RAS, K-RAS (also known 
as KRAS) or H-RAS (also known as HRAS) (to include codons 12, 13, 
and 61 as well as mutational hotspots of emerging significance’®) and 
MEK! (ref. 17; Supplementary Table 1 and data not shown) because 
we proposed a resistance mechanism reactivating MAPK despite not 
having a secondary B-RAF mutation. Interestingly, M249 R4 harbours 
a N-RAS(Q61K) activating mutation not present in the parental M249 
cell line (Fig. 3a). We found N-RAS mutations in 2/16 acquired resist- 
ant biopsy samples (note that both came from Pt55; Supplementary 
Table 2 and Supplementary Fig. 14). A N-RAS(Q61K) mutated sample, 
Pt55 DP1 (for disease progression 1) was obtained from a biopsy taken 
from an isolated, nodal metastasis that partially regressed on PLX4032 
but increased in size 10 months after starting on therapy with PLX4032 


Patient 92 


Resistant 


M229 R5 


Pt48 R 


(Supplementary Fig. 4a). This patient continued on therapy with 
PLX4032 until 6 months later, when several other nodal metastases 
developed (Supplementary Fig. 14a, b). Analysis of a biopsy taken at a 
second progression site (Pt55 DP2) demonstrated a different mutation 
in N-RAS, N-RAS(Q61R) (Supplementary Fig. 14b). Both Pt55 DP1 
and DP2 tissue N-RAS mutations were confirmed in their respective 
short-term cultures, Pt55 R and Pt55 R2 (Fig. 3a and Supplementary 
Fig. 14b). Also, both DP1 and DP2 (and their respective cultures) 
harboured increased N-RAS gDNA copy numbers (Supplementary 
Fig. 14c and d). Both Pt55 R and Pt55 R2 also showed increased 
N-RAS RNA (Supplementary Fig. 14e) and protein levels (Fig. 3b). 
In addition, N-RAS(Q61K) mutation in M249 R4 and Pt55 R corre- 
lated with a marked increase in activated N-RAS levels (Fig. 3b). Of 
note, the N-RAS mutations were mutually exclusive with PDGFRB 
overexpression in all samples (Supplementary Table 2). 
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Knockdown of PDGFRf or N-RAS using small interfering RNA 
(siRNA) pools preferentially growth-inhibited melanoma cells with 
upregulated PDGFRB or N-RAS, respectively (Supplementary Fig. 15a, 
b and Supplementary Table 4). We then selected two resistant sub-lines 
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Figure 3 | N-RAS upregulation correlates with a distinct subset of PLX4032 
acquired resistance. a, Detection of a N-RAS(Q61K) allele in M249 R4 and 
Pt55 R. b, The levels of activated RAS (aRAS) and N-RAS (aN-RAS) eluted after 
pull-down using the RAS-binding domain (RBD) of RAF-1. The total levels of 
RAS, N-RAS, PDGFR§ and tubulin (loading control) from the whole-cell 
lysates are shown by immunoblotting. Effects of GDP and GTPYS pre- 
incubation on RBD pull-down and beads without RBD pull-down from Pt48 R 
lysates are shown as controls. 


or cultures to test the effects of individual PDGFRf and N-RAS short 
hairpin RNAs (shRNAs; Fig. 4a and b, respectively). Stable knockdown 
of PDGFRf caused an admixture of GO/G1 cell cycle arrest (ina MEK 
inhibitor-dependent manner due to compensatory signalling; 
Supplementary Fig. 16a and data not shown) and apoptosis in M229 
R5 anda G0/GI cell cycle arrest in M238 R1. This effect was specific, as 
stable PDGFRP knockdown in M249 R4 and Pt55 R did not result in 
G0/G1 cell cycle arrest (Supplementary Fig. 17a). In contrast, stable 
N-RAS knockdown resulted in a predominantly apoptotic response in 
M249 R4 and Pt55 R (Fig. 4b) but not in M229 R5, M238 R1 or Pt48 R 
(Supplementary Fig. 17b). Moreover, stable N-RAS knockdown markedly 
conferred PLX4032 sensitivity to M249 R4 and Pt55 R but had no effect 
on M229 R5 PLX4032 resistance (Supplementary Fig. 18a). Flag—N- 
RAS(Q61K) stable overexpression conferred PLX4032 resistance in 
the M249 parental cell line (Supplementary Fig. 18b), whereas stable 
PDGFRB-MYC overexpression conferred reduced PLX4032 sensitivity 
in both M229 and M238 parental cell lines (Supplementary Fig. 19). 
We then asked whether N-RAS-dependent growth and reactivation 
of the MAPK pathway (Fig. la and Supplementary Fig. 20) would 
selectively sensitize M249 R4 and Pt55 R to MEK inhibition. Indeed, 
whereas the growth of M229 R5, M238 R1 and Pt48 R was uniformly 
highly resistant to the MEK inhibitor AZD6244 (and U0126, Sup- 
plementary Fig. 21), the growth of M249 R4 and Pt55 R was sensitive 
to MEK inhibition in the presence of PLX4032 (Fig. 4c) or absence of 
PLX4032 (Supplementary Fig. 22). It is known that activated N-RAS in 
melanoma cells uses C-RAF (also known as RAF1) over B-RAF to 


Figure 4 | PDGFRP- and N-RAS-mediated 
growth and survival pathways differentially 
predict MEK inhibitor sensitivity. 
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c, Survival curves for isogenic cell line pairs and 
melanoma cultures treated with the indicated 
AZD6244 concentration for 72 h (relative to 
DMSO-treated controls; mean + s.e.m., 1 = 5). 
PLX4032-resistant cells were grown with PLX4032. 
Dashed line, 50% cell killing. 
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signal to MEK-ERK"’. Thus, N-RAS activation would be capable of 
bypassing PLX4032-inhibited B-RAF, reactivating the MAPK path- 
way. It is worth noting that PDGFRB-upregulated, PLX4032-resistant 
melanoma sub-lines (M229 R5 and M238 R1) and culture (Pt48 R) are 
resistant not only to AZD6244 but also to imatinib, which is at least 
partially due to rebound, compensatory survival signalling (Supplemen- 
tary Fig. 23 and unpublished observations, H.S. and R.S.L.). 

We propose (Supplementary Fig. 1b) that B-RAF(V600E)-positive 
melanomas, instead of accumulating B-RAF(V600E) secondary muta- 
tions, can acquire PLX4032 resistance by (1) activating an RTK 
(PDGFRf)-dependent survival pathway in addition to MAPK, or (2) 
reactivating the MAPK pathway via N-RAS upregulation. These two 
mechanisms account for acquired PLX4032 resistance in 5/12 patients 
in our study cohort, and additional mechanisms await future discovery. 
Some patients who relapse on PLX4032 are already being enrolled in a 
phase II MEK inhibitor trial (ClinicalTrials.gov identifier NCT01037127) 
based on the assumption of MAPK reactivation. Our findings directly 
imply a strategy to stratify patients who relapse on PLX4032 and should 
prompt a search for rational combinations of targeting agents most 
optimal for distinct mechanisms of acquired resistance to PLX4032 as 
well as other B-RAF inhibitors (for example, GSK2118436) in clinical 
development. 


METHODS SUMMARY 

Cell culture, infections and compounds. Cells were maintained in Dulbecco's 
modified Eagle medium (DMEM) with 10 or 20% fetal bovine serum and glutamine. 
shRNAs were sub-cloned into the lentiviral vector pLL3.7 and infections carried out 
with protamine sulphate. Stocks of PLX4032 (Plexxikon) and AZD6244 (commercially 
available) were made in DMSO. Cells were quantified using CellTiter-GLO 
Luminescence (Promega). 

Protein detection. Western blots were probed with antibodies against p-MEK1/2 
(S217/221), MEK1/2, p-ERK1/2 (T202/Y204), ERK1/2, PDGFRB, and EGFR (Cell 
Signaling Technologies), and N-RAS (Santa Cruz Biotechnology), pan-RAS (Thermo 
Scientific) and tubulin (Sigma). p-RTK arrays were performed according to the man- 
ufacturer’s recommendations (Human Phospho-RTK Array Kit, R&D Systems). For 
PDGER§ immunohistochemistry, paraffin-embedded formalin-fixed tissue sections 
were antigen-retrieved, incubated with a PDGFR§ antibody followed by horseradish 
peroxidase-conjugated secondary antibody (Envision System, DakoCytomation). 
Immunocomplexes were visualized using the DAB (3,3’-diaminobenzidine) 
peroxidase method and nuclei haematoxylin-counterstained. For activated RAS 
pull-down, lysates were incubated with beads coupled to glutathione-S-transferase 
(GST)-RAF-1-RAS-binding domain of RAF1 (RBD) (Thermo) for 1h at 4°C. 
RNA quantifications. For real-time quantitative PCR, total RNA was extracted 
and cDNA quantified. Data were normalized to tubulin and GAPDH levels. 
Relative expression is calculated using the delta-Ct method. For RNA expression 
profiling, total RNAs were extracted, and generated cDNAs were fragmented, 
labelled and hybridized to the GeneChip Human Gene 1.0 ST Arrays 
(Affymetrix). Expression data were normalized, background-corrected, and 
log,-transformed for parametric analysis. Differentially expressed genes were 
identified using significance analysis of microarrays (SAM) with the R package 
‘samr’ (false discovery rate (FDR) < 0.05; fold change > 2). 

Cell cycle and apoptosis. For cell cycle analysis, cells were fixed, permeabilized 
and stained with propidium iodide (BD Pharmingen). Cell cycle distribution was 
analysed by Cell Quest Pro and ModiFit software. For apoptosis, cells were co- 
stained with Annexin V-V450 and propidium iodide (BD Pharmingen). Data were 
analysed with the FACS Express V2 software. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture, lentiviral constructs and infections. All cell lines were maintained 
in DMEM with 10% or 20% (short-term cultures) heat-inactivated FBS (Omega 
Scientific) and 2 mmol1”! glutamine in humidified, 5% CO, incubator. To derive 
PLX4032-resistant sub-lines, M229 and M238 were seeded at low cell density and 
treated with PLX4032 at 1 uM every 3 days for 4-6 weeks and clonal colonies were 
then isolated by cylinders. M249 R was derived by successive titration of PLX4032 
up to 10 1.M. PLX4032-resistant sub-lines and short-term cultures were replenished 
with 1 juM PLX4032 every 2 to 3 days. shRNAs were sub-cloned into the lentiviral 
vector pLL3.7. N-RAS(Q61K) mutant overexpression construct was made by PCR- 
amplifying from M249 R4 cDNA and sub-cloning into the lentiviral vector (UCLA 
Vector Core), creating pRRLsin.cPPT.CMV.hTERT.IRES.GEP-Flag-2°'“NRAS. 
Wild-type PDGFRf overexpression construct was PCR-amplified from cDNA 
and sub-cloned into a lentiviral vector (Clontech), creating pLVX-Tight-Puro- 
PDGER§-Myc. Lentiviral constructs were co-transfected with three packaging plas- 
mids into HEK293T cells. Infections were carried out with protamine sulphate. 
Cellular proliferation, drug treatments and siRNA transfections. Cell prolifera- 
tion experiments were performed in a 96-well format (five replicates), and baseline 
quantification performed at 24h after cell seeding along with initiation of drug 
treatments (72 h). Stocks and dilutions of PLX4032 (Plexxikon), AZD6244 (Selleck 
Chemicals)and U0126 (Promega) were made in DMSO. siRNA pool (Dharmacon) 
transfections were carried out in 384-well format. TransIT transfection reagent 
(Mirus) was added to each well and incubated at 37 °C for 20 min. Subsequently, 
cells were reverse transfected, and the mixture was incubated for 51-61 h at 37 °C. 
Cells were quantified using CellTiter 96 Aqueous One Solution (Promega) or 
CellTiter-GLO Luminescence (Promega) following the manufacturer’s recom- 
mendations. 

Protein detection. Cell lysates for western blotting were made in RIPA (Sigma) 
with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails I and 
II (Santa Cruz Biotechnology). Western blots were probed with antibodies against 
p-MEK1/2 (S217/221), total MEK1/2, p-ERK1/2 (T202/Y204), total ERK1/2, 
PDGER§, and EGER (all from Cell Signaling Technologies), B-RAF and N-RAS 
(Santa Cruz Biotechnology), pan-RAS (Thermo Scientific) and tubulin (Sigma). 
p-RTK arrays were performed according to the manufacturer’s recommendations 
(Human Phospho-RTK Array Kit, R&D Systems). For PDGFRB immunohisto- 
chemistry, paraffin-embedded formalin fixed tissue sections were subjected to 
antigen retrieval and incubated with a rabbit monoclonal anti-PDGFR# antibody 
(Cell Signaling Technology) followed by labelled anti-rabbit polymer horseradish 
peroxidase (Envision System, Dako Cytomation). Immunocomplexes were visua- 
lized using the DAB (3,3'-diaminobenzidine) peroxidase method and nuclei 
haematoxylin-counterstained. 

In vitro kinase assay. Cells were harvested and protein lysates prepared in a 
NP40-based buffer before subjected to immunoprecipitation (IP). IP beads were 
then resuspended in ADBI buffer (with Mg/ATP cocktail) and incubated with an 
inactive, recombinant MEK] or a truncated RAF-1 (positive control) (Millipore), 
and with DMSO or 1 uM PLX4032 for 30 min at 30°C. The beads were subse- 
quently pelleted and the supernatant resuspended in sample buffer for western 
blotting to detect p-MEK and total MEK. 

Activated RAS pull-down assay. Melanoma lysates were incubated with glu- 
tathione agarose beads coupled to 80 jig GST-RAF-1-RBD (Thermo) for 1 h at 
4°C. As controls, Pt48 R lysate was pre-incubated with either 0.1 mM GTPyS 
(positive control) or 1mM GDP (negative control) in the presence of 10 mM 
EDTA (pH8.0) at 30°C for 15min. Reactions were terminated by adding 
60mM MgCl. After washing with Wash Buffer (Thermo), proteins bound to 
beads were eluted by protein sample buffer. RAS or NRAS levels were detected 
by immunoblotting. 

Quantitative real-time PCR for relative RNA levels. Total RNA was extracted 
using the RiboPure Kit (Ambion), and reverse transcription reactions were per- 
formed using the SuperScript First-Strand Synthesis System (Invitrogen). Real- 
time PCR analyses were performed using the iCycler iQ Real Time PCR Detection 
System (BioRad) (Supplementary Table 5). To discriminate specific from non- 
specific cDNA products, a melting curve was obtained at the end of each run. Data 
were normalized to tubulin and/or GAPDH levels in the samples in duplicates. 
Relative expression is calculated using the delta-Ct method using the following 
equations: ACt(Sample) = Ct(Target) — Ct(Reference); relative quantity = pA 
Quantitative real-time PCR for relative DNA copy numbers. gDNAs were 
extracted using the FlexiGene DNA Kit (Qiagen) (Human Genomic DNA- 
Female, Promega). NRAS relative copy number was determined by quantitative 
PCR (cycle conditions available upon request) using the MyiQ single colour Real- 
Time PCR Detection System (Bio-Rad). Total DNA content was estimated by 
assaying B-globin for each sample (Supplementary Table 5), and 20 ng of gDNA 
was mixed with the SYBR Green QPCR Master Mix (Bio-Rad) and 2 pmol1”' of 
each primer. 


Sequencing. gDNAs were isolated using the Flexi Gene DNA Kit (QIAGEN) or 
the QlAamp DNA FFPE Tissue Kit. B-RAF and RAS genes were amplified from 
genomic DNA by PCR. PCR products were purified using QIAquick PCR 
Purification Kit (QIAGEN) followed by bi-directional sequencing using BigDye 
v1.1 (Applied Biosystems) in combination with a 3730 DNA Analyzer (Applied 
Biosystems). PDGFR/ was amplified from cDNA by PCR and sequenced (primers 
listed in Supplementary Table 1). 

B-RAF ultra-deep sequencing. Exon-based amplicons were generated using 
Platinum high-fidelity Taq polymerase, and libraries were prepared following 
the Illumina library generation protocol version 2.3. For each sample, one library 
was generated with 18 exons pooled at equal molarity and another library was 
generated for exon 13 only for validation purpose. Each library was indexed with 
an unique four base long barcode within the custom made Illumina adaptor. All 10 
indexed samples were pooled and sequenced on one lane of Illumina GAIIx flow- 
cell for single-end 76 base pairs. For error rate estimation, phiX174 genome was 
spiked in. Base-calling was performed by Illumina RTA version 1.8.70. Alignment 
was performed using the Novocraft Short Read Alignment Package version 2.06 
(http://www.novocraft.com/index.html). First, all reads were aligned to the 
phiX174 reference genome downloaded from the NCBI. The mismatch rates at 
each position of the reads were calculated to estimate the error rate of the sequencer 
(set at 1.67% or five standard deviations, SD) based on the phiX genome data 
(mean error rate = 0.57%, s.d. = 0.22%). Then, the .qseq.txt files were converted 
into .fastq file using a custom script (available on request) and during this process, 
the first 5 bases (unique 4-base barcode and the T at the fifth position) were 
stripped off from the reads and concatenated to the read name. The -fastq file 
was parsed into 10 .fastq files for each barcode and only the reads with the first 
5 bases perfectly matching any of the 10 barcodes were included. Each .fastq file 
was aligned to chromosome 7 fasta file, generated from the Human Genome 
reference sequence (hg18, March 2006, build 36.1) downloaded from the Broad 
Institute (ftp://ftp.broadinstitute.org/pub/gsa/gatk_resources.tgz) using the Novoalign 
program. Base calibration option was used, and the output format was set to SAM. 
Using SAMtools (http://samtools.sourceforge.net/), the .sam files of each lane were 
converted to .bam files and sorted, followed by removal of potential PCR duplicates 
using Picard (http://picard.sourceforge.net/). The true background rate was 
inferred from analysis of independent exon 13 amplicons. None of the 14 positions 
within exon 13 that had non-reference allele frequency (NAF) > 1.67% in all- 
exon-samples were validated in the exon13-only samples and vice versa for the 
one position in the exon 13-only sample, inferring that the true background error 
rate could be higher at 4.81% (5s.d., mean error rate = 2.72%, s.d. = 0.4%). In total, 
12 positions had NAF > 4.81%, and none of them recurred at the same position. 
We note that the four sample gDNAs extracted from formalin-fixed paraffin- 
embedded (FFPE) blocks had 5-6 times more variants with NAF above back- 
ground than the sample extracted from frozen tissue, and the 12 positions with 
NAF >4.81% were scattered only across the FFPE samples. The numbers of 
variants within and outside the kinase domain were not significantly different. 
B-RAF deep sequence from whole exome sequence analysis. Genomic libraries 
were generated following the Agilent SureSelect Human All Exon Kit Illumina 
Paired-End Sequencing Library Prep Version 1.0.1 protocol at the UCLA Genome 
Center. Agilent SureSelect All Exon ICGC version was used for capturing 
~50 megabase (Mb) exome. The Genome Analyzer IIx (GAIIx) was run using 
standard manufacturer’s recommended protocols. Base-calling was done by 
Illumina RTA version 1.6.47. Two lanes of Illumina single end (SE) run were 
generated for each of Pt111-001 normal, baseline and DP2 samples, and one lane 
of Illumina paired end (PE) run was generated for each of Pt111-001 DP1, DP3 as 
well as Pt111-010 normal, baseline, DP1 and DP2 samples. Alignment was per- 
formed using the Novocraft Short Read Alignment Package version 2.06. Human 
Genome reference sequence (hg18, March 2006, build 36.1), downloaded from the 
UCSC genome database located at http://genome.ucsc.edu and mirrored locally, 
was indexed using novoindex program (-k 14 -s 3). Novoalign program was used 
to align each lane’s qseq.txt file to the reference genome. Base calibration option 
and adaptor stripping option for paired-end run were used and the output format 
was set to SAM. Using SAMtools (http://samtools.sourceforge.net/), the .sam files 
of each lane were converted to .bam files, sorted and merged for each sample and 
potential PCR duplicates were removed using Picard (http://picard.sourcefor- 
ge.net/). The .bam files were filtered for SNV calling and small INDEL calling to 
reduce the likelihood of using spuriously mis-mapped reads to call the variants. 
For the .bam file to call SNVs, the last 5 bases were trimmed and only the reads 
lacking indels were retained. For the .bam file to call small INDELs, only the reads 
containing one contiguous INDEL but not positioned at the beginning or the end 
of the read were retained. SOAP consensus-calling model implemented in 
SAMtools was used to call the variants, both SNVs and indels, and generate the 
pileup files for each .bam file. Coding regions + 2 bp of B-RAF gene were extracted 
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from the .pileup files and the reads were manually examined for rare variants (non 
reference alleles). 

Microarray data generation and analysis. Total RNAs were extracted using the 
RiboPure Kit (Ambion) from cells (DMSO or PLX4032, 1 uM, 6h). cDNAs were 
generated, fragmented, biotinylated, and hybridized to the GeneChip Human Gene 
1.0 ST Arrays (Affymetrix). The arrays were washed and stained on a GeneChip 
Fluidics Station 450 (Affymetrix); scanning was carried out with the GeneChip 
Scanner 3000 7G; and image analysis with the Affymetrix GeneChip Command 
Console Scan Control. Expression data were normalized, background-corrected, and 
summarized using the RMA algorithm implemented in the Affymetrix Expression 
ConsoleTM version 1.1. Data were log-transformed (base 2) for parametric analysis. 
Clustering was performed with MeV 4.4, using unsupervised hierarchical clustering 
analysis on the basis of Pearson correlation and complete/average linkage clustering. 
Differentially expressed genes were identified using significance analysis of micro- 
arrays (SAM) with the R package ‘samr’ (R 2.9.0; FDR < 0.05; fold change greater 
than 2). To identify and rank pathways enriched among differentially expressed 
genes, P-values (Fisher’s exact test) were calculated for gene sets with at least 20% 
differentially expressed genes. Curated gene sets of canonical pathways in the 
Molecular Signatures Database (MSigDB) were used. 
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Copy number variation analysis. []lumina HumanExon510S-DUO bead arrays 
(Illumina) were performed following the manufacturer’s protocol. Scanned array 
data were imported into BeadStudio software (Illumina), where signal intensities 
for samples were normalized against those for reference genotypes. Log, ratios 
were calculated, and data smoothed using the median with window size of 10 and 
step size of five probes. 

Cell cycle and apoptosis analysis. All infected cells were replenished with 
PLX4032 24h after infections (M229 R5 treated with AZD6244 to inhibit rebound 
p-ERK on PDGFR§ KD), fixed, permeabilized, and treated with RNase (Qiagen). 
Cells were stained with 50 mg ml ' propidium iodide (BD Pharmingen) and the 
distribution of cell cycle phases was determined by Cell Quest Pro and ModiFit 
software. For apoptosis, post-infection cells were stained with Annexin V-V450 
(BD Pharmingen) and propidium iodide for 15 min at room temperature. Flow 
cytometry data were analysed by the FACS Express V2 software. 

Image acquisition and data processing. Statistical analyses were performed 
using InStat 3 Version 3.0b (GraphPad Software), and graphical representations 
using DeltaGraph or Prism (Red Rock Software). An Optronics camera system 
was used in conjunction with Image-Pro Plus software (MediaCybernetics) and 
Adobe Photoshop 7.0. 
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Oncogenic mutations in the serine/threonine kinase B-RAF (also 
known as BRAF) are found in 50-70% of malignant melanomas’. 
Pre-clinical studies have demonstrated that the B-RAF(V600E) 
mutation predicts a dependency on the mitogen-activated protein 
kinase (MAPK) signalling cascade in melanoma” °—an observation 
that has been validated by the success of RAF and MEK inhibitors in 
clinical trials’°. However, clinical responses to targeted anticancer 
therapeutics are frequently confounded by de novo or acquired 
resistance’. Identification of resistance mechanisms in a manner 
that elucidates alternative ‘druggable’ targets may inform effective 
long-term treatment strategies’*. Here we expressed ~600 kinase 
and kinase-related open reading frames (ORFs) in parallel to inter- 
rogate resistance to a selective RAF kinase inhibitor. We identified 
MAP3KS8 (the gene encoding COT/Tpl2) as a MAPK pathway ago- 
nist that drives resistance to RAF inhibition in B-RAF(V600E) cell 
lines. COT activates ERK primarily through MEK-dependent 
mechanisms that do not require RAF signalling. Moreover, COT 
expression is associated with de novo resistance in B-RAF(V600E) 
cultured cell lines and acquired resistance in melanoma cells and 
tissue obtained from relapsing patients following treatment with 
MEK or RAF inhibitors. We further identify combinatorial MAPK 
pathway inhibition or targeting of COT kinase activity as possible 
therapeutic strategies for reducing MAPK pathway activation in 
this setting. Together, these results provide new insights into res- 
istance mechanisms involving the MAPK pathway and articulate an 
integrative approach through which high-throughput functional 
screens may inform the development of novel therapeutic strategies. 

To identify kinases capable of circumventing RAF inhibition, we 
assembled and stably expressed 597 sequence-validated kinase ORF 
clones representing ~75% of annotated kinases (Center for Cancer 
Systems Biology (CCSB)/Broad Institute Kinase ORF Collection) in 
A375, a B-RAF(V600E) malignant melanoma cell line that is sensitive 
to the RAF kinase inhibitor PLX4720" (Fig. 1a, b, Supplementary 
Table 1 and Supplementary Fig. 2). ORF-expressing cells treated with 
1 uM PLX4720 were screened for viability relative to untreated cells 
and normalized to an assay-specific positive control, MEK1(S218/ 
222D) (MEK1P?)!5 (Supplementary Table 2 and summarized in Sup- 
plementary Fig. 1). Nine ORFs conferred resistance at levels exceeding 
two standard deviations from the mean (Fig. 1b and Supplementary 


Table 2) and were selected for follow-up analysis (Supplementary Fig. 3). 
Three of the nine candidate ORFs were receptor tyrosine kinases, under- 
scoring the potential of this class of kinases to engage resistance 
pathways. Resistance effects were validated and prioritized across a 
multi-point PLX4720 drug concentration scale in the B-RAF(V600E) 
cell lines A375 and SKMEL28. The Ser/Thr MAP kinase kinase kinases 
(MAP3Ks) MAP3K8 (COT/Tpl2) and RAFI (C-RAF) emerged as top 
candidates from both cell lines; these ORFs shifted the PLX4720 half- 
maximal growth inhibitory concentration (GI;9) by 10-600-fold with- 
out affecting viability (Supplementary Table 3 and Supplementary Figs 4 
and 5). Both COT and C-RAF reduced sensitivity to PLX4720 in mul- 
tiple B-RAF(V600E) cell lines (Fig. 1c) confirming the ability of these 
kinases to mediate resistance to RAF inhibition. 

Next, we tested whether overexpression of these genes was sufficient 
to activate the MAPK pathway. At baseline, COT expression increased 
ERK phosphorylation in a manner comparable to MEK1””, consistent 
with MAP kinase pathway activation (Fig. 2a and Supplementary Fig. 6). 
Overexpression of wild-type COT or C-RAF resulted in constitutive 
phosphorylation of ERK and MEK in the presence of PLX4720, whereas 
kinase-dead derivatives had no effect (Fig. 2a and Supplementary Fig. 7). 
Based on these results, we proposed that COT and C-RAF drive resist- 
ance to RAF inhibition predominantly through re-activation of MAPK 
signalling. Notably, of the nine candidate ORFs from our initial screen, a 
subset (three) did not show persistent ERK/MEK phosphorylation fol- 
lowing RAF inhibition, suggesting MAPK pathway-independent altera- 
tion of drug sensitivity (Supplementary Fig. 8). 

Several groups have shown that C-RAF activation and hetero- 
dimerization with B-RAF constitute critical components of the cellular 
response to B-RAF inhibition’®"’. In A375 cells, endogenous C-RAF- 
B-RAF heterodimers were measurable and inducible following treatment 
with PLX4720 (Supplementary Fig. 9). However, endogenous C-RAF 
phosphorylation at S338—an event required for C-RAF activation— 
remained low (Supplementary Fig. 9). In contrast, ectopically expressed 
C-RAF was phosphorylated on $338 (Supplementary Fig. 9) and its 
PLX4720 resistance phenotype was associated with sustained MEK/ 
ERK activation (Fig. 2a, Supplementary Fig. 9). Moreover, ectopic ex- 
pression of a high-activity C-RAF truncation mutant (C-RAF(W22)) 
was more effective than wild-type C-RAF in mediating PLX4720 resist- 
ance and ERK activation (Supplementary Fig. 10), further indicating that 
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Figure 1 | An ORF-based functional screen identifies COT and C-RAF 
kinases as drivers of resistance to B-RAF inhibition a, Overview of the CCSB/ 
Broad Institute Kinase ORF collection. Kinase classification and number of 
kinases per classification are noted. b, A375 cells expressing the CCSB/Broad 
Institute Kinase ORF collection were assayed for relative viability in 1 uM 
PLX4720 and normalized to constitutively active MEK1 (MEK1?). Nine 
ORFs (orange disks) scored 2 standard deviations (red dashed line, 58.64%) 
from the mean of all ORFs (green dashed line, 44.26%). c, Indicated ORFs were 
expressed in five B-RAF(V600E) cell lines and treated with DMSO or 1 1M 
PLX4720. Viability (relative to DMSO) was quantified after 4 days. Error bars 
represent standard deviation between replicates (n = 6). 


elevated C-RAF activity may direct resistance to this agent. Consis- 
tent with this model, oncogenic alleles of NRAS and KRAS conferred 
PLX4720 resistance in A375 cells (Fig. 2b) and yielded sustained 
C-RAF(S338) and ERK phosphorylation in the context of drug treat- 
ment (Fig. 2c). Thus, although genetic alterations that engender 
C-RAF activation (for example, oncogenic RAS mutations) tend to show 
mutual exclusivity with B-RAF(V600E) mutation, such co-occurring 
events”? might be favoured in the context of acquired resistance to 
B-RAF inhibition. 

To investigate the role of COT in melanoma, we first determined its 
expression in human melanocytes. We found that primary immortalized 
melanocytes (B-RAF wild-type) expressed COT (Fig. 2d), although 
ectopic B-RAF(V600E) expression reduced MAP3K8 mRNA levels (Sup- 
plementary Fig. 11) and rendered COT protein undetectable (Fig. 2d). 
Conversely, whereas ectopically expressed COT was only weakly detect- 
able in A375 cells (Fig. 2a, e), short hairpin RNA (shRNA)-mediated 
depletion of endogenous B-RAF(V600E) caused an increase in COT 
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protein levels that correlated with the extent of B-RAF knockdown 
(Fig. 2e). Moreover, treatment of COT-expressing A375 cells with 
PLX4720 led to a dose-dependent increase in COT protein (Fig. 2a) 
without affecting ectopic MAP3K8 mRNA levels (Supplementary 
Fig. 11). Thus, oncogenic B-RAF may antagonize COT expression 
largely through altered protein stability (Fig. 2a, d, e and Supplemen- 
tary Fig. 11), and B-RAF inhibition may potentiate the outgrowth of 
COT-expressing cells during the course of treatment. Notably, neither 
C-RAF nor B-RAF alone or in combination was required for ERK 
phosphorylation in the context of COT expression, even in the pres- 
ence of PLX4720 (Fig. 2e, fand Supplementary Fig. 12), suggesting that 
COT expression is sufficient to induce MAP kinase pathway activation 
in a RAF-independent manner. 

We predicted that cell lines expressing elevated COT in a 
B-RAF(V600E) background should show de novo resistance to 
PLX4720 treatment. To identify such instances, we screened a panel 
of cell lines for evidence of MAP3K8 copy number gains coincident with 
the B-RAF(V600E) mutation. Of 534 cell lines that had undergone copy 
number analysis and mutation profiling, 38 cell lines (7.1%) contained 
the B-RAF(V600E) mutation. Within this subgroup, two cell lines— 
OUMS-23 (colon cancer) and RPMI-7951 (melanoma)—also showed 
evidence of chromosomal copy gains spanning the MAP3K8 locus 
(Fig. 3a and Supplementary Fig. 13) and robust COT protein expression 
(Fig. 3b and Supplementary Fig. 14). We also screened a panel of mel- 
anoma short-term cultures for COT protein expression. Only one of 
these lines expressed COT: M307, a short-term culture derived from a 
B-RAF(V600E) tumour that developed resistance to allosteric MEK 
inhibition following initial disease stabilization’ (Fig. 3c). All three cell 
lines were refractory to PLX4720 treatment, with Gls9 values in the 
range of 8-10 UM (Fig. 3d), and showed sustained ERK phosphoryla- 
tion in the context of B-RAF inhibition (Fig. 3e, f). OUMS-23 and 
RPMI-7951 are MAPK pathway inhibitor-naive cell lines, implying that 
COT may confer de novo resistance to RAF inhibition (a phenomenon 
observed in ~10% of B-RAF(V600E) melanomas’). 

Next, we examined COT expression in the context of resistance to 
the clinical RAF inhibitor PLX4032 by obtaining biopsy material from 
three patients with metastatic, B-RAF(V600E) melanoma. Each case 
consisted of frozen, lesion-matched biopsy material obtained before 
and during treatment (‘pre-treatment’ and ‘on-treatment’; Fig. 3g and 
Supplementary Table 4); additionally, one sample contained two inde- 
pendent biopsy specimens from the same relapsing tumour site (“post- 
relapse’; Fig. 3g). Consistent with the experimental models presented 
above, quantitative real-time PCR with reverse transcription (qRT- 
PCR) analysis revealed increased MAP3K8 mRNA expression concur- 
rent with PLX4032 treatment in two of three cases. MAP3K8 mRNA 
levels were further increased in a relapsing specimen relative to its 
pre-treatment and on-treatment counterparts (Fig. 3g, Patient 1). An 
additional, unmatched relapsed malignant melanoma biopsy showed 
elevated MAP3K8 mRNA expression comparable to levels observed in 
RAF inhibitor-resistant, MAP3K8-amplified cell lines (Supplementary 
Fig. 15). This specimen also exhibited robust MAPK pathway activa- 
tion and elevated expression of B-RAF, C-RAF and COT relative to 
matched normal skin or B-RAF(V600E) cell lines (Supplementary Fig. 
15). Sequencing studies of this tumour revealed no additional muta- 
tions in B-RAF, NRAS or KRAS (data not shown). These analyses 
provided clinical evidence that COT-dependent mechanisms may be 
operant in at least some PLX4032-resistant malignant melanomas. 

To determine if COT might actively regulate MEK/ERK phosphor- 
ylation in B-RAF(V600E) cells that harbour naturally elevated COT 
expression, we introduced shRNA constructs targeting MAP3K8/COT 
into RPMI-7951 cells. Depletion of COT suppressed RPMI-7951 viab- 
ility (Supplementary Fig. 16) and decreased ERK phosphorylation 
(Fig. 3h), implying that targeting COT kinase activity might suppress 
MEK/ERK phosphorylation in cancer cells with COT overexpression 
or amplification. Treatment of RPMI-7951 cells with a small molecule 
COT kinase inhibitor’** resulted in dose-dependent suppression of 
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Figure 2 | Resistance to B-RAF inhibition via MAPK pathway activation 
a, Indicated ORFs were expressed in A375. Levels of phosphorylated MEK and 
ERK were assayed after 18 h treatment with DMSO (—) or PLX4720 
(concentration noted). GFP, green fluorescent protein; V5-C-RAF, V5-COT, 
V5-GEP, V5 epitope-tagged C-RAF, COT and GFP, respectively; PLX, 
PLX4720. b, Proliferation of A375 expressing indicated ORFs. Error bars 
represent standard deviation between replicates (n = 6). c, C-RAF (S338) and 
ERK phosphorylation in lysates from A375 expressing indicated ORFs. VINC, 
vinculin; WT, wild type; pS338, C-RAF phosphorylated on Ser338. d, COT 
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expression in lysates from immortalized primary melanocytes expressing 
BRAF(V600E) or empty vector. MAP3K8 mRNA has an internal start codon 
(30™) resulting in two protein products of different lengths; amino acids 1-467 
or 30-467, noted with arrows. e, COT expression and ERK phosphorylation in 
lysates from A375 expressing indicated ORFs following shRNA-mediated 
B-RAF depletion (shBRAF) relative to control shRNA (shLuc). f, ERK 
phosphorylation in lysates from A375 expressing indicated ORFs following 
shRNA-mediated C-RAF depletion (shCRAF) or control shRNA (shLuc), after 
18h treatment with DMSO (—) or 1 pM PLX4720 (+). 
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Figure 3 | COT expression predicts resistance to B-RAF inhibition in cancer 
cell lines a, MAP3K8 copy numbers. Red bars, MAP3K8 amplification; blue 
bars, non-amplified COT. b, COT expression in B-RAF(V600E) cell lines and 
c, short-term cultures. d, PLX4720 Gls, in B-RAF(V600E) cell lines. Colours as 
ina. e, MEK and ERK phosphorylation after treatment with DMSO or PLX4720 
(concentration indicated). f, ERK phosphorylation in M307 lysates (AZD-R; 
AZD6244-resistant) treated with DMSO or 1 uM PLX4720 (PLX) or CI-1040 
(CI). g, MAP3K8 mRNA expression (qRT-PCR) in patient/lesion-matched 
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PLX4032-treated metastatic melanoma tissue samples. Patients 1 and 3 had 
multiple biopsies from the same lesion. Error bars represent s.e.m. (n = 3). Pt, 
patient; U; undetermined/undetectable; TBP, TATA binding protein. h, ERK 
and MEK phosphorylation in RPMI-7951 following shRNA-mediated COT 
depletion (shCOT) versus control (shLuc) and treatment with DMSO (—) or 
1 uM PLX4720 (+). ERK and MEK phosphorylation are quantified. i, ERK and 
MEK phosphorylation in RPMI-7951 after 1 h treatment with a small molecule 
COT kinase inhibitor. ERK and MEK phosphorylation are quantified. 
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Figure 4 | COT-expressing B-RAF(V600E) cell lines exhibit resistance to 
allosteric MEK inhibitors a, CI-1040 Gls9 in a panel of B-RAF(V600E) cell 
lines. Red bars, COT expression/amplification; blue bars, undetectable/non- 
amplified COT. b, MEK and ERK phosphorylation in lysates from indicated 
cell lines treated with DMSO or CI-1040 (concentration noted). c, Fold change 
(relative to MEK1) Glo of A375 ectopically expressing the indicated ORFs for 
PLX4720, RAF265, CI-1040 and AZD6244. d, ERK phosphorylation in A375 


MEK and ERK phosphorylation, providing additional evidence that 
COT contributes to MEK/ERK activation in these cells (Fig. 3i). 

We then considered whether COT-expressing cancer cells remain 
sensitive to MAPK pathway inhibition at a target downstream of COT 
or RAF. Here, we queried the OUMS-23 and RPMI-7951 cell lines for 
sensitivity to the MEK1/2 inhibitor CI-1040. Interestingly, both cell 
lines were refractory to MEK inhibition (Fig. 4a) and displayed sus- 
tained ERK phosphorylation even at 1 uM CI-1040 (Fig. 4b). Ectopic 
COT expression in A375 and SKMEL28 cells also conferred decreased 
sensitivity to the MEK inhibitors CI-1040 and AZD6244, suggesting 
that COT expression alone was sufficient to induce this phenotype 
(Fig. 4c, d and Supplementary Fig. 17). Similar to results observed with 
pharmacological MEK inhibitors, MEK1/2 knockdown only modestly 
suppressed COT-mediated ERK phosphorylation in A375 cells 
(Supplementary Fig. 18). In accordance with prior observations”, 
these data raised the possibility that COT may activate ERK through 
MEK-independent as well as MEK-dependent mechanisms. To test 
this hypothesis directly, we performed an in vitro kinase assay using 
recombinant COT and ERK1. Indeed, recombinant COT induced 
pThr 202/Tyr 204 phosphorylation of ERK1 in vitro (Supplementary 
Fig. 18), indicating that in certain contexts COT expression may 
potentiate ERK activation in a MEK-independent manner. 

In experimental models, the use of RAF and MEK inhibitors in com- 
bination can override resistance to single agents'*. We therefore reasoned 
that combined RAF/MEK inhibition might circumvent COT-driven res- 
istance. In the setting of ectopic COT expression, exposure to AZD6244 
or CI-1040 in combination with PLX470 (1 uM each) reduced cell growth 
and pERK expression more effectively than did single-agent PLX4720, 
even at concentrations of 10 LM (Fig. 4e, f and Supplementary Fig. 19). 
These data underscore the importance of this pathway in B-RAF(V600E) 
tumour cells and support earlier findings’* that dual B-RAF/MEK inhibi- 
tion may help circumvent resistance to RAF inhibitors. 

B-RAF mutations are found in ~8% of all cancers and at high 
frequencies in malignant melanoma, colon and thyroid cancers’. 
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expressing indicated ORFs following treatment with DMSO or 1 1M of 
PLX4720, RAF265, CI-1040 or AZD6244. e, Viability of A375 expressing the 
indicated ORFs and treated with DMSO, PLX4720 (concentration indicated) 
and PLX4720 in combination with CI-1040 or AZD6244 (all 1 uM). Error bars 
represent the standard deviation (n = 6). f, ERK phosphorylation in A375 
expressing indicated ORFs following treatment with DMSO, PLX4720 (1 uM) 
or PLX4720 in combination with CI-1040 or AZD6244 (all 1 uM). 


The clinical promise of selective RAF inhibitors has widespread rami- 
fications for patient treatment, yet single-agent targeted therapy is 
almost invariably followed by relapse due to acquired drug resistance. 
Our results suggest that ORF-based, systematic functional screening 
may offer a powerful means to identify clinically relevant resistance 
mechanisms that also specify novel treatment strategies. In particular, 
resistance to RAF inhibition can be achieved by multiple MAP3K- 
dependent mechanisms of MEK/ERK reactivation but might be inter- 
cepted through combined therapeutic modalities for MAPK pathway 
inhibition (for example, RAF/MEK or RAF/COT combinations). 
Future systematic drug resistance studies may be expanded to a genome 
scale that encompasses many compounds, thereby enabling compre- 
hensive identification of both therapy-specific resistance genes and 
drug targets of novel therapeutics. 


METHODS SUMMARY 


The arrayed, lentiviral ORF screen was performed as described previously”. 
Effects of individual ORFs on drug resistance were determined by measuring 
differential viability (ratio of raw viability in 1 1M PLX4720 over control) and 
subsequent normalization to an assay-specific positive control, MEK1?? 
Secondary screens were performed with the top nine candidate ORFs in 96-well 
format in A375 and SKMEL28 cells. Prioritization was accomplished via genera- 
tion of a Gl;9 for each ORF across a multi-point PLX4720 concentration range in 
both cell lines. The effects of identified resistance ORFs on MAPK pathway activa- 
tion were demonstrated using both biochemical and cell biological approaches. 
Cell line copy number data was obtained as previously described’’. Detailed 
descriptions of all procedures are included in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Center for Cancer Systems Biology (CCSB)/Broad Institute Kinase Open 
Reading Frame Collection. We assembled a library of 597 kinase ORFs in 
pDONR-223 Entry vectors (Invitrogen). Individual clones were end-sequenced 
using vector-specific primers in both directions. Clones with substantial deviations 
from reported sequences were discarded. Entry clones and sequences are available 
via Addgene (http://www.addgene.org/human_kinases). Kinase ORFs were 
assembled from multiple sources; 337 kinases were isolated as single clones from 
the ORFeome 5.1 collection (http://horfdb.dfci-harvard.edu), 183 kinases were 
cloned from normal human tissue RNA (Ambion) by reverse transcription and 
subsequent PCR amplification to add Gateway sequences (Invitrogen), 64 kinases 
were cloned from templates provided by the Harvard Institute of Proteomics 
(HIP), and 13 kinases were cloned into the Gateway system from templates 
obtained from collaborating laboratories. The Gateway-compatible lentiviral 
vector pLX-Blast-V5 was created from the pLKO.1 backbone. LR Clonase enzymatic 
recombination reactions were performed to introduce the 597 kinases into pLX- 
Blast-V5 according to the manufacturer’s protocol (Invitrogen). 

High throughout ORF screening. A375 melanoma cells were plated in 384-well 
microtitre plates (500 cells per well). The following day, cells were spin-infected 
with the lentivirally-packaged kinase ORF library in the presence of 8 1g ml! 
polybrene. At 48h post-infection, media were replaced with standard growth 
media (two replicates), media containing 1 1M PLX4720 (two replicates, two time 
points) or media containing 10 Lg ml | blasticidin (two replicates). After 4 and 
6 days, cell growth was assayed using Cell Titer-Glo (Promega) according to 
manufacturer instructions. The entire experiment was performed twice. 
Identification of candidate resistance ORFs. Raw luminescence values were 
imported into Microsoft Excel. Infection efficiency was determined by the per- 
centage of duplicate-averaged raw luminescence in blasticidin-selected cells rela- 
tive to non-selected cells. ORFs with an infection efficiency of less than 0.70 were 
excluded from further analysis along with any ORF having a standard deviation of 
>15,000 raw luminescence units between duplicates. To identify ORFs whose 
expression affects proliferation, we compared the duplicate-averaged raw lumin- 
escence of individual ORFs against the average and standard deviation of all 
control-treated cells via the z-score, or standard score, below, 


get 
o 
where x is the average raw luminescence of a given ORF, is the mean raw 
luminescence of all ORFs and a is the standard deviation of the raw luminescence 
of all wells. Any individual ORF with a z-score > +2 or < —2 was annotated as 
affecting proliferation and removed from final analysis. Differential proliferation 
was determined by the percentage of duplicate-averaged raw luminescence values 
in PLX4720 (1 M)-treated cells relative to untreated cells. Subsequently, differ- 
ential proliferation was normalized to the positive control for PLX4720 resistance, 
MEK1(S218/222D) (MEK1”), with MEK1?” differential proliferation = 1.0. 
MEK1??-normalized differential proliferation for each individual ORF was aver- 
aged across two duplicate experiments, with two time points for each experiment 
(day 4 and day 6). A z-score was then generated, as described above, for average 
MEK1”-normalized differential proliferation. ORFs with a z-score of >2 were 
considered hits and were followed up in the secondary screen. 
ORE and shRNA expression. ORFs were expressed from pLX-Blast-V5 (lentiviral) 
or pWZL-Blast, pBABE-Puro or pBABE-zeocin (retroviral) expression plasmids. 
For lentiviral transduction, 293T cells were transfected with 1 jg of pLX-Blast-V5- 
ORF or pLKO.1-shRNA, 900ng A8.9 (gag, pol) and 100ng VSV-G using 6 ul 
Fugene6 transfection reagent (Roche). Viral supernatant was harvested 72h post- 
transfection. Mammalian cells were infected at a 1:10-1:20 dilution of virus in 6-well 
plates in the presence of 5 ig ml’ polybrene and centrifuged at 2,250 r.p.m. (1,178g) 
for 1h at 37 °C. Twenty-four hours after infection blasticidin (pLX-Blast-V5, 10 1g 
ml‘) or puromycin (pLKO.1, 0.75 pg ml” ') was added and cells were selected for 
48 h. For retrovirus production, 293T cells were transfected with 1 1g of retroviral 
plasmid-ORF, 1 pg pCL-AMPHO and 100 ng VSV-G, as described above. Cells were 
infected with retrovirus containing supernatant at a 1:2 dilution in 5 1g ml! poly- 
brene overnight, followed by media change to growth media. Infection was repeated 
once more (twice total), followed by selection, above. 
Secondary screen. A375 (1.5 X 10°) and SKMEL28 cells (3 X 10°) were seeded in 
96-well plates for 18 h. ORF-expressing lentivirus was added at a 1:10 dilution in 
the presence of 8 igml | polybrene, and centrifuged at 2,250 r-p.m. (1,178g) and 
37 °C for Lh. Following centrifugation, virus-containing media were changed to 
normal growth media and allowed to incubate for 18h. Twenty-four hours after 
infection, DMSO (1:1,000) or 10 PLX4720 (in DMSO) was added to a final 
concentration of 100, 10, 1, 0.1, 0.01, 0.001, 0.0001 or 0.00001 LLM. Cell viability 
was assayed using WST-1 (Roche), per manufacturer recommendation, 4 days 
after the addition of PLX4720. 


Cell lines and reagents. A375, SKMEL28, SKMEL30, COLO-679, WM451lu, 
SKMEL5, Malme 3M, SKMEL30, WM3627, WM1976, WM3163, WM3130, 
WM3629, WM3453, WM3682 and WM3702 were all grown in RPMI (Cellgro), 
10% FBS and 1% penicillin/streptomycin. M307 was grown in RPMI (Cellgro), 
10% FBS and 1% penicillin/streptomycin supplemented with 1 mM sodium pyr- 
uvate. 293T, OUMS-23 and RPMI-7951 cells (ATCC) were grown in MEM 
(Cellgro), 10% FBS and 1% penicillin/streptomycin. Wild-type primary melanocytes 
were grown in HAM’s F10 (Cellgro), 10% FBS and 1% penicillin/streptomycin. 
B-RAF(V600E)-expressing primary melanocytes were grown in TIVA media 
(Ham’s F-10 (Cellgro), 7% FBS, 1% penicillin/streptomycin, 2mM _ glutamine 
(Cellgro), 100}1.M IBMX, 50ng ml! TPA (12-O-tetradecanoyl-phorbol-13- 
acetate), 1 mM 3’,5'-cyclic AMP dibutyrate (dbcAMP; Sigma) and 1 1M sodium 
vanadate). CI-1040 (PubChem ID: 6918454) was purchased from Shanghai Lechen 
International Trading Co., AZD6244 (PubChem ID: 10127622) from Selleck 
Chemicals, and PLX4720 (PubChem ID: 24180719) from Symansis. RAF265 
(PubChem ID: 11656518) was a generous gift from Novartis Pharma AG. Unless 
otherwise indicated, all drug treatments were for 16 h. Activated alleles of NRAS and 
KRAS have been described previously*”’. 

Pharmacologic growth inhibition assays. Cultured cells were seeded into 96-well 
plates (3,000 cells per well) for all melanoma cell lines; 1,500 cells were seeded for 
A375. Twenty-four hours after seeding, serial dilutions of the relevant compound 
were prepared in DMSO added to cells, yielding final drug concentrations ranging 
from 100 LM to 1 X 10° |1M, with the final volume of DMSO not exceeding 1%. 
Cells were incubated for 96 h following addition of drug. Cell viability was measured 
using the WST1 viability assay (Roche). Viability was calculated as a percentage of 
control (untreated cells) after background subtraction. A minimum of six replicates 
were performed for each cell line and drug combination. Data from growth-inhibition 
assays were modelled using a nonlinear regression curve fit with a sigmoid dose- 
response. These curves were displayed and Gls, generated using GraphPad Prism 5 
for Windows (GraphPad). Sigmoid-response curves that crossed the 50% inhibition 
point at or above 101M have Gls9 values annotated as >10 1M. For single-dose 
studies, the identical protocol was followed, using a single dose of indicated drug 
(1 uM unless otherwise noted). 

Immunoblots and immunoprecipitations. Cells were washed twice with ice- 
cold PBS and lysed with 1% NP-40 buffer (150mM NaCl, 50mM Tris pH 7.5, 
2mM EDTA pH 8, 25 mM NaF and 1% NP-40) containing 2X protease inhibitors 
(Roche) and 1X Phosphatase Inhibitor Cocktails I and II (CalBioChem). Lysates 
were quantified (Bradford assay), normalized, reduced, denatured (95°C) and 
resolved by SDS gel electrophoresis on 10% Tris/Glycine gels (Invitrogen). 
Protein was transferred to PVDF membranes and probed with primary antibodies 
recognizing pERK1/2 (T202/Y204), pMEK1/2 (S217/221), MEK1/2, MEK], 
MEK2, C-RAF (rabbit host), pC-RAF (pS338) (Cell Signaling Technology; 
1:1,000), V5-HRP (HRP, horseradish peroxidase; Invitrogen; 1:5,000), COT 
(1:500), B-RAF (1:2,000), Actin (1:1,000), Actin-HRP (1:1,000; Santa Cruz)), 
C-RAF (mouse host; 1:1,000; BD Transduction Labs), Vinculin (Sigma; 
1:20,000), AXL (1:500; R&D Systems). After incubation with the appropriate 
secondary antibody (anti-rabbit, anti-mouse IgG, HRP-linked; 1:1,000 dilution, 
Cell Signaling Technology or anti-goat IgG, HRP-linked; 1:1,000 dilution; Santa 
Cruz), proteins were detected using chemiluminescence (Pierce). Immuno- 
precipitations were performed overnight at 4°C in 1% NP-40 lysis buffer, as 
described above, at a concentration of 1 pg! total protein using an antibody 
recognizing C-RAF (1:50; Cell Signaling Technology). Antibody: antigen com- 
plexes were bound to Protein A agarose (25 il, 50% slurry; Pierce) for 2h at 4°C. 
Beads were centrifuged and washed three times in lysis buffer and eluted and 
denatured (95 °C) in 2 reduced sample buffer (Invitrogen). Immunoblots were 
performed as above. Phospho-protein quantification was performed using NIH 
ImageJ. 

Lysates from tumour and matched normal skin were generated by mechanical 
homogenization of tissue in RIPA (50mM Tris (pH 7.4), 150mM NaCl, 1mM 
EDTA, 0.1% SDS, 1.0% NaDOC (sodium deoxycholate), 1.0% Triton X-100, 
25mM NaF, 1mM NA;3VO,) containing protease and phosphatase inhibitors, 
as above. Subsequent normalization and immunoblots were performed as above. 
Biopsied melanoma tumour material. Biopsied tumour material consisted of 
discarded and de-identified tissue that was obtained with informed consent and 
characterized under protocol 02-017 (paired samples, Massachusetts General 
Hospital) and 07-087 (unpaired sample, Dana-Farber Cancer Institute). For 
paired specimens, ‘on-treatment’ samples were collected 10-14 days after ini- 
tiation of PLX4032 treatment (Supplementary Table 4). 

Inhibition of COT kinase activity. Adherent RPMI-7951 cells were washed twice 
with 1X PBS and incubated overnight in serum-free growth media. Subsequently, 
4-(3-chloro-4-fluorophenylamino)-6-(pyridin-3-yl-methylamino)-3-cyano-[1,7]- 
naphthyridine (EMD;TPL2 inhibitor I; catalogue number 616373, PubChem ID: 
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9549300), suspended in DMSO at the indicated concentration, was added to cells 
for 1h, after which protein extracts were made as described above. 

Quantitative RT-PCR. mRNA was extracted from cell lines and fresh-frozen 
tumours using the RNeasy kit (Qiagen).Total mRNA was used for subsequent 
reverse transcription using the SuperScript III First-Strand Synthesis SuperMix 
(Invitrogen) for cell lines and unpaired tumour samples, and the SuperScript 
VILO cDNA synthesis kit (Invitrogen) for paired frozen tumour samples. The 
reverse transcription reaction (5 pil) was used for quantitative PCR using SYBR 
Green PCR Master Mix and gene-specific primers, in triplicate, using an ABI 7300 
Real Time PCR System. Primers used for detection are as follows; COT forward: 
5'-CAAGTGAAGAGCCAGCAGTTT-3’; COT reverse: 5'-GCAAGCAAATCC 
TCCACAGTTC-3’; TBP forward: 5’-CCCGAAACGCCGAATATAATCC-3’; 
TBP reverse: 5’-GACTGTTCTTCACTCTTGGCTC-3'’; GAPDH forward: 
5'-CATCATCTCTGCCCCCTCT-3'; GAPDH reverse: 5'-GGTGCTAAGCAG 
TIGGTGGT-3’ . 

In vitro kinase assay. In vitro kinase assays were performed as described previ- 
ously’ using 1 ug each of COT (amino acids 30-397, R&D Systems) and inactive 
ERK1 (Millipore). 

Cellular viability assays. Adherent RPMI-7951 cells were infected with virus 
expressing shRNAs against COT or Luciferase as described above. Following 
selection, cells were plated (1.5 10° cells per well) onto a 24-well plate in quad- 
ruplicate. Viable cells were counted via trypan blue exclusion using a VI-CELL Cell 
Viability Analyser, following manufacturer’s specifications. Quadruplicate cell 
counts were averaged and normalized relative to that of the control shRNA. 
The Cancer Cell Line Encyclopedia (CCLE). The Cancer Cell Line Encyclopedia 
(CCLE) project is a collaboration between the Broad Institute, the Novartis 
Institutes for Biomedical Research (NIBR) and the Genomics Institute of the 
Novartis Research Foundation (GNF) to conduct a detailed genetic and pharma- 
cologic characterization of a large panel of human cancer models, to develop 
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integrated computational analyses that link distinct pharmacologic vulnerabilities 
to genomic patterns and to translate cell line integrative genomics into cancer 
patient stratification. Chromosomal copy number and gene expression data used 
for this study are available online at http://www. broadinstitute.org/cgi-bin/cancer/ 
datasets.cgi. 

Expression profiling of cancer cell lines. We carried out oligonucleotide micro- 
array analysis using the GeneChip Human Genome U133 Plus 2.0 Affymetrix 
expression array (Affymetrix). Samples were converted to labelled, fragmented, 
cRNA following the Affymetrix protocol for use on the expression microarray. 
shRNA constructs used (pLKO.1). The shRNA constructs used were shLuc 
(TRCN0000072243, 5'-CTTCGAAATGTCCGTTCGGTT-3’), — shBRAF(1) 
(TRCN0000006289, NM_004333.2-1106slcl, 5’-CITCGAAATGTCCGTTCG 
GTT-3’), shBRAF(2) (TRCN0000006291, NM_004333.2-2267sIcl, 5'-GCTGG 
TITCCAAACAGAGGAT-3’), shCRAF(1) (TRCN0000001066, NM_002880.x- 
1236sIcl, 5'-CGGAGATGTTGCAGTAAAGAT-3’), shCRAF(2) (TRCN0000001068, 
NM_002880.x-1529s1cl, 5'-GAGACATGAAATCCAACAATA-3’), shMEK1(1) 
(TRCN0000002332, NM_002755.x-1015slcl, 5’-GATTACATAGTCAACGAG 
CCT-3'), shMEK1(2) (TRCN0000002329, NM_002755.x-455slcl, 5’-GCTITC 
TATGGTGCGTTCTACA-3’), shMEK2(1) (TRCN0000007007, NM_030662.2- 
1219sIcl, 5'-TGGACTATATTGTGAACGAGC-3’), shMEK2(2) (TRCN0000007005, 
NM_030662.2-847slcl, 5’-CCAACATCCTCGTGAACTCTA-3’), shCOT(1) 
(TRCN0000010013, NM_005204.x-1826slcl, 5’-CAAGAGCCGCAGACCTAC 
TAA-3’) and shCOT(2) (TRCN0000196518, NM_005204.2-2809slcl, 5’-GAT 
GAGAATGTGACCTTTAAG-3’). 
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